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Neutron spin echo (NSE) spectroscopy, an advanced high-resolution quasi-elastic neutron scatter- 
ing technique, provides the unique opportunity to investigate long-range relaxation processes of 
macromolecules simultaneously in space and time on nano-scales. In particular, information on the 
single-chain behavior is not restricted to dilute solutions, but may also be obtained from concen- 
trated solutions and melts, if labelling by proton deuterium exchange is used. Thus, this method 
facilitates a direct microscopic study of molecular models developed to explain the macroscopic 
dynamic properties of polymers, e.g. transport and viscoelastic phenomena. 

This article gives a short outline of the method and reviews the relevant experimental results 
obtained from polymer melts and networks and from dilute and semi-dilute solutions of chain 
molecules with different architectures since the first successful NSE work on polymers was published 
in 1978. The experimental observations are compared with the predictions of the related microscopic 
models and other theoretical approaches, which are briefly introduced and adapted accordingly. 
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1 Introduction 



Viscoelastic and transport properties of polymers in the liquid (solution, melt) or 
liquid-like (rubber) state determine their processing and application to a large 
extent and are of basic physical interest [1-3]. An understanding of these 
dynamic properties at a molecular level, therefore, is of great importance. 
However, this understanding is complicated by the facts that different motional 
processes may occur on different length scales and that the dynamics are 
governed by universal chain properties as well as by the special chemical 
structure of the monomer units [4, 5]. 

The earliest and simplest approach in this direction starts from Langevin 
equations with solutions comprising a spectrum of relaxation modes [1-4]. 
Special features are the incorporation of entropic forces (Rouse model, [6]) 
which relax ffuctuations of reduced entropy, and of hydrodynamic interactions 
(Zimm model, [7]) which couple segmental motions via long-range backflow 
fields in polymer solutions, and the inclusion of topological constraints or 
entanglements (reptation or tube model, [8-10]) which are mutually imposed 
within a dense ensemble of chains. 

Another approach, neglecting the details of the chemical structure and 
concentrating on the universal elements of chain relaxation, is based on dynamic 
scaling considerations [4, 11]. In particular in polymer solutions, this approach 
offers an elegant tool to specify the general trends of polymer dynamics, 
although it suffers from the lack of a molecular interpretation. 

A real test of these theoretical approaches requires microscopic methods, 
which simultaneously give direct access to the space and time evolution of the 
segmental diffusion. Here, quasi-elastic scattering methods play a crucial role 
since they allow the measurement of the corresponding correlation functions. In 
particular, the high-resolution neutron spin echo (NSE) spectroscopy [12-15] is 
very suitable for such investigations since this method covers an appropriate 
range in time (0.005 t/ns 40) and space (r/nm <15). Furthermore, the 
possibility of labelling by hydrogen-deuterium exchange allows the observation 
of single-chain behavior even in the melt. 

This paper reviews NSE measurements on polymer melts, networks and solu- 
tions, published since the first successful NSE study on polymers [16] was per- 
formed in 1978. The experimental observations are discussed in the framework of 
related microscopic models, scaling predictions or other theoretical approaches. 

The paper is organized in the following way: In Section 2, the principles of 
quasi-elastic neutron scattering are introduced, and the method of NSE is 
shortly outlined. Section 3 deals with the polymer dynamics in dense environ- 
ments, addressing in particular the influence and origin of entanglements. In 
Section 4, polymer networks are treated. Section 5 reports on the dynamics of 
linear homo- and block copolymers, of cyclic and star-shaped polymers in dilute 
and semi-dilute solutions, respectively. Finally, Section 6 summarizes the con- 
clusions and gives an outlook. 
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2 Quasi-Elastic Neutron Scattering 

2. 1 Principles of the Method 

The theory and application of neutron scattering have been treated extensively 
in numerous monographs [17-21], different reviews [22-26] and lexicographi- 
cal survey articles [27, 28]. In addition, two monographs [29, 30] deal only with 
quasi-elastic neutron scattering. More recently, a special monograph entitled 
Polymers and Neutron Scattering [31] has become available. Thus, here only 
some of the general principles of the method, being important for further 
understanding, are outlined. 

An inelastic scattering event of a neutron is characterized by the transfer of 
momentum hQ h(kf k;) and energy hco (h^/2m}{kf kf) during scatter- 
ing, where h is the Planck constant h/27i; kf and k, are the final and initial wave 
vectors of the neutron and m is the neutron mass. For a quasi-elastic scattering 
process, |kf| |k;| 2n/Xo (ko wavelength of the incoming neutrons) is valid. 
Accordingly, the magnitude of the scattering vector Q is given by 

Q IQ I ^sin© (1) 

Ao 

where 20 is the scattering angle. 

The intensity of the scattered neutrons is given by the double-differential 
cross section 0^cr/0Q dE, which is the probability that neutrons are scattered into 
a solid angle 0Q with an energy change 0E ha. 

For a system containing N atoms the double-differential cross section is 
given by 

02(j 1 k ^ \ 

am Mki ■«)(Zl),l>.expi,Q(r,(t) r,|0))}) (2) 

where r j(t), ri;(0) are position vectors of the atoms] and k at time t and time zero, 
respectively; bj and bt are the respective scattering lengths and < > denotes 

the thermal average. Since neutron scattering occurs at the nuclei, the scattering 
lengths may depend on both the particular isotope and the relative spin 
orientations of neutron and nuclei. This mechanism has two consequences: (1) in 
general, the spin orientations of the atoms and neutrons are not correlated, 
giving rise to ‘disorder’ or incoherent scattering. This also holds for isotope 
distributions. (2) The fact that different isotopes of the same nucleus may have 
different scattering lengths can be used to label on an atomic level. In particular, 
the scattering lengths of H and D are significantly different (bn 
0.347 10“^^ cm; bo 0.6610“^^ cm), allowing easy labelling of hydrogen- 
containing organic matter, e.g. the conformation of a polymer in a melt can only 
be experimentally accessed by such a labelling technique using small-angle 
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neutron scattering. Due to the presence of incoherent scattering, the scattering 
cross section (2) generally contains a coherent and an incoherent part. For 
simplicity considering only one type of atom, the double-differential cross 
section can be written as 

02 

^ ^N{[<b"> <b>^] Si„e(Q, (0) <b>^S,oh(Q,co)} 



with 



1+00 N 

Si„c(Q,co) — j e-‘“‘dtX<e iQt-(o)e‘Qidt)> (3) 

- 27tN 

and 

1 + GO N 

S(Q,®) Se„h(Q,(a) — j e-™‘dtX<e ‘QtiWe'QidO) 

-00 j.k 

where S(Q, co) and Si„c(Q, co) are the coherent and incoherent dynamic structure 
factors, respectively. S(Q, t) and S;„e(Q, t) denote the same quantities in Fourier 
space. The dynamic structure factors are the space-time Fourier transforms of 
the pair and self-correlation functions of the moving atoms. Classically, the 
pair-correlation function can be understood as the conditional probability of 
finding an atom j at location r and time t, if another atom k was at location r 0 
at time t 0. For j k the self-correlation function is obtained. In Gaussian 
approximation, i.e. assuming Gaussian distribution for the position vectors r j (t) 
and rj; (0), the intermediate dynamic structure factors can be written as 

S(Q>1) ^<(rj{t) rk(0))^>| (4a) 

Si„c(Q,t) ^<(rj(t) rj(0))2>| (4b) 

Note that in this approximation the incoherent scattering measures the time- 
dependent thermally averaged, mean square displacement <(rj(t) rj{0))^> . 

Considering only scattering at small momentum transfers, we may neglect 
the detailed atomic arrangements within e.g. a monomer or a solvent molecule 
and take into account only the scattering length densities Pm or ps of such 
scattering units 

Zbi, Zb| 

Pm ^ 1 Ps ^ (5) 

Vm Vs 

where the summation includes the scattering length of all atoms within a mono- 
mer or a solvent molecule; Vm and Vs are the respective molecular volumes. The 
scattering contrast in neutron-scattering experiments on polymers in general 
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arises from the different scattering length densities of protonated and deuterated 
molecules, e.g. protonated polymers in a deuterated solvent or a deuterated 
polymer matrix. The contrast factor is thus defined as 



K (pH pH) (6) 

where pH and p° denote the protonated and deuterated monomers or solvent 
molecules respectively. 

For non-interacting, incompressible polymer systems the dynamic structure 
factors of Eq. (3) may be significantly simplified. The sums, which in Eq. (3) have 
to be carried out over all atoms or in the small Q limit over all monomers and 
solvent molecules in the sample, may be restricted to only one average chain 
yielding so-called form factors. With the exception of semi-dilute solutions in the 
following, we will always use this restriction. Thus, S(Q, t) and Si„c(Q, t) will be 
understood as dynamic structure factors of single chains. Under these circum- 
stances the normalized, so-called macroscopic coherent cross section (scattering 
per unit volume) follows as 



02 ; 

0Q0E 



c^(l 



^ S(Q, (o) 
h Na 



( 7 ) 



with Vm the molar monomeric volume, Na the Avogadro number and cj) the 
volume fraction of the labelled polymer. 



2.2 Neutron Spin Echo Technique 

In this review we consider large-scale polymer motions which naturally occur on 
mesoscopic time scales. In order to access such times by neutron scattering 
a very high resolution technique is needed in order to obtain times of several 
tens of nanoseconds. Such a technique is neutron spin echo (NSE), which can 
directly measure energy changes in the neutron during scattering [32, 33]. 

This distinguishes NSE from conventional scattering techniques which pro- 
ceed in two steps: first, monochromatization of the incident beam and then 
analysis of the scattered beam. Energy and momentum changes during scatter- 
ing are determined by taking corresponding differences from two measurements. 
In order to achieve high-energy resolution with these conventional techniques, 
a very narrow energy interval must be selected from the relatively low intensity 
neutron spectrum of the source. Conventional high-resolution techniques there- 
fore always have difficulties with low intensity. 

Unlike these conventional techniques, NSE measures the neutron velocities 
of the incident and scattered neutrons using the Larmor precession of the 
neutron spin in an external magnetic field, whereby, the neutron spin vector acts 
like the hand of an internal clock, which is linked to each neutron and stores the 
result of the velocity measurement at the neutron itself The velocity measure- 
ment is thus performed individually for each neutron. For this reason, the 
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velocities prior to and after scattering on one and the same neutron can be 
directly compared and a measurement of the velocity difference during scatter- 
ing becomes possible. The energy resolution is thus decoupled from the mono- 
chromatization of the incident beam. Energy resolutions of the order of 10“^ 
can be achieved with an incident neutron spectrum of 20% bandwidth. 



2.2.1 Neutron Spin Manipulations with Magnetic Fields 



The motion of the neutron polarization P(t) - the quantum mechanical expect- 
ancy value of neutron spin - is described by the Bloch equation 




2|Ylh 

h 



(HxP) 



( 8 ) 



where y is the gyromagnetic ratio (y 1-91), p the nuclear magneton 
and H the magnetic held. Equation (8) is the basis for manipulation of 
neutron polarization by external helds. Let us discuss two simple spin- 
angular operations. We consider a neutron beam which propagates with 
a polarization parallel to the direction of propagation in the z direction. 
A magnetic guide held parallel to z stabilizes the polarization. First, we will 
explain the so-called 7i-coil which reverses two components of the neutron spin. 
Its principle is shown in Figs la,b. A hat, long, rectangular coil, a so-called 
Mezei coil, is slightly tilted with respect to the x, y plane. A held He is generated 
so that the resultant held Hq points in the x direction. A neutron 
spin entering this held begins to rotate around the x-axis. During a time t d/v, 
d being the coil thickness and v the neutron velocity, a phase angle cp coH 
is passed through. With the Larmor frequency ©l [(2 |y|p)/h]H,; and 
V h/{mk), we hnd 



9 



2|y| pm27T 
h^ 



LdH„ 



( 9 ) 



where cp is thus given by the line integral jHds and is proportional to 
the wavelength. If we take, for example, a coil thickness of d 1cm and 
a neutron wavelength of k 8 A, a held of 8.5 Oe is needed to rotate 
the neutron spin by 180°. Such a spin-rotation operation is shown schematically 
in Fig. lb. Obviously, the components of polarization x, y,z are transferred 
to X, y, z. 

The second important spin-angular operation is the 90° rotation where the 
polarization is transformed from the z to the x direction or vice versa. A Mezei 
coil in the x,z plane is adjusted such that the resultant held points exactly in the 
direction of the bisection of the angle between x and z. A 180° rotation around 
this axis transforms the z component of polarization to the x direction. At the 
same time, the sign of the y component is inverted (Fig. Ic). 
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Fig. la-c. Spin angular operations in neutron spin-echo technique a Arrangement of a Mezei coil 
for a rotation of the neutron spin by the angle n; b motion of neutron polarization during the 
n angular operation; c motion of neutron polarization during a ti/ 2 rotation. (Reprinted with 
permission from [12], Copyright 1987 Vieweg and Sohn Verlagsgemeinschaft, Wiesbaden) 



2.2.2 The Spin Echo Spectrometer 

The basic experimental setup of a neutron spin echo spectrometer is shown in 
Fig. 2. A velocity selector in the primary neutron beam selects a wavelength 
interval of about 20% width. The spectrometer offers a primary and a secondary 
neutron flight path passing through the precession fields H and H'. Before 
beginning the first flight path, the neutron beam is polarized in the forward 
direction with the aid of a supermirror polarizer. A first 7i/2 coil rotates the 
polarization in the x direction perpendicular to the direction of propagation. 
Beginning with this well-defined, initial condition, the neutrons process in the 
precession fields. Without the effect of the Ti-coil each neutron would go through 
a phase angle cp j Hds. Since the wavelengths of the neutrons are distributed 
over a wide range, the phase angle for each neutron would be different in front of 
the second tt/ 2 coil and the beam would be completely depolarized. The Ti-coil, 
which is exactly positioned at the value of half the field integral, prevents this 
effect. Let the neutron spin pass through the phase angle (p n27r Acp on its 
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Fig. 2. Schematic representation of a neutron spin-echo spectrometer. (Reprinted with permission 
from [12], Copyright 1987 Vieweg and Sohn Verlagsgemeinschaft, Wiesbaden) 

way to the 7i-coil. The effect of the 7i-coil transforms the angle Acpi to Atpi. In 
a symmetric arrangement (both field integrals in front of and behind the rr-coil 
are identical), the neutron spin passes through a second phase angle (p 2 (Pi 
2n7i A(pi. The spin transformation at the 7i-coil thus just compensates the 
angles Acp^, and in front of the second ti/ 2 coil the neutron spin points again in 
the X direction irrespective of the velocity. This effect is called spin focusing or 
spin echo. 

The second n/2 coil projects the x component of polarization in the z direc- 
tion. It is then analyzed by a subsequent supermirror analyzer and detector. In 
a spin-echo experiment, the specimen is positioned near the n-coil. With the 
exception of losses due to field inhomogeneities, the polarization is maintained 
in the case of elastic scattering. If, however, the neutron energy is changed due to 
inelastic scattering processes in the specimen, then the neutron wavelength is 
modified from to X hX. In this case, the phase angles cpi and cp 2 are no 
longer compensated. The second ti/ 2 coil now only projects the x component of 
polarization from a general direction in z direction. This part of the polarization 
is then identified by the analyzer. Apart from resolution corrections, the final 
polarization Pf is then obtained from the initial polarization P; as 

+ 00 / + 00 

Pf Pi j S(Q,(o)cos(otdtt) / j S(Q,ft))dco (10) 

— 00 / — 00 

The normalized dynamic structure factor thus gives the probability that a scat- 
tering event occurs at a certain wavelength change 5}^ (m/27i) at a given 

momentum transfer Q. The Fourier time t in the argument of the cosine is 
determined by the transformation from the phase angle Acp (p 2 (p i to (o. The 
numerical relation reads 



t[s] 1.863 X 10“ 



( 11 ) 
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The length L of the precession field is measured in meters, the guide field H in 
Oersted and the wavelength X in Angstrpm. 

Obviously, the final polarization Pf is directly connected with the nor- 
malized intermediate dynamic structure factor S(Q, t)/S(Q). In order to estimate 
typical Fourier times accessed by this method we consider a guide field of 
500 Oe in a precession coil of L 200 cm operating at a neutron wavelength of 
8 A. Then a time of about 10 ns is reached. A spin-echo scan is performed by 
varying the guide field and studying the intermediate scattering function S(Q, t) 
at different Fourier times. Finally, we note that the use of a broad wavelength 
band introduces a further averaging process containing an integration over the 
incident wavelength distribution l(?c). 



| I(^)S[Q(^t(^)]d^ 
' S(Q(^))d^ 



( 12 ) 



This averaging process somewhat obscurses the relationship between Pf and 
S(Q,t). For many relaxation processes, however, where the quasi-elastic width 
varies with power laws in Q, the smearing of (12) is of no practical importance. 
For example, for internal relaxation of polymers in dilute solution, we have 
S(Q, t) S(Q^t^^^) [34]. Since Q varies with IjX and t with , the wavelength 
dependence drops out completely. For illustration. Fig. 3 shows a technical 




Fig. 3. The neutron spin echo spectrometer INll at the ILL Grenoble. The two large coils 
producing the precession fields are clearly visible (Photograph was kindly given to us by H. Biittner, 
Scientific Coordination Ofiice of the Institute Laue-Langevin Grenoble). 
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realization of the spin-echo spectrometer at the Institute Laue-Langevin, 
Grenoble. Particularly striking are the Larmor precession coils in front and 
behind the specimen. Furthermore, some coils causing the spin-angular opera- 
tions can be recognized. 



3 Polymer Motion in Dense Environments 



Long-chain linear polymers in the melt or in concentrated solution show 
a number of anomalous viscoelastic properties [1-3, 5]. Particularly spectacular 
is the appearance of a plateau in the time dependence of the dynamic modulus, 
which expands more and more with growing chain length. In this plateau region, 
stress is proportional to strain whereby Hooke’s law applies: although a liquid, 
the polymer melt behaves elastically. This behavior reminds us of the rubber 
elasticity of chemically cross-linked polymers. However, the modulus appearing 
there does not decrease to zero over long times, since the slipping of neighbored 
chains is impossible due to the existence of permanent cross-links. The magni- 
tude of the modulus is proportional to the temperature and inversely propor- 
tional to the mesh size of the network. The proportionality to temperature is 
caused by entropic forces resulting from the conformational entropy of the 
coiled chains between the network points. This conformational entropy follows 
from the number of possible arrangements of chain elements in space. According 
to the central limit theorem, the most probable arrangement is that of a Gaus- 
sian coil, i.e. the polymer chain performs a random walk in space. If part of the 
chain is stretched, an entropic force resulting from the reduction of free energy 
acts with the aim of restoring the more probable coiled state for these stretched 
segments. 

Based on these arguments it is appropriate to assume that the elastic 
behavior of polymer melts is caused by network-like entanglements of the 
polymer chains, so that the melt becomes a temporary network. The role of the 
network points is taken over by entanglements. The plateau modulus is ascribed 
to the rubber elastic modulus of this temporary network. On this assumption it 
is possible to estimate the mean distance between the hypothetical entanglement 
points in the melt from the value of the plateau modulus. The resultant 
entanglement distances d are typically of the order of d 40-100 A. Compared 
with the two characteristic length scales of a polymer, the monomer length 
a ~ 5 A and the end-to-end distance ~ 1000 A of the coiled polymer chain, 
the entanglement distance defines an intermediate length scale of a dynamic 
nature. 

The different length scales involve different time scales with different types of 
motion. For short times corresponding to spatial distances shorter than the 
entanglement distance, we expect entropy-determined dynamics described by 
the so-called Rouse model [6, 35.]. As the spatial extent of motion increases and 
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reaches dimensions of the entanglement distance, the freedom of motion of the 
chain is greatly restricted. The temporary network leads to a localization of the 
chain which can only move like a snake along its own profile due to the network 
which restricts lateral motions. For very long times, the chain leaves its original 
topological restrictions behind - the plateau modulus relaxes. This concept is 
essentially contained in the reptation model of de Gennes [8, 10]. The length 
and time scales of importance for viscoelasticity start at the bond length in the 
region of 1.5 A and extend up to the chain dimension in the region of 1000 A. 
The associated times start in the picosecond range and can reach macroscopic 
dimensions. 

This section presents results of the space-time analysis of the above- 
mentioned motional processes as obtained by the neutron spin echo technique. 
First, the entropically determined relaxation processes, as described by the 
Rouse model, will be discussed. We will then examine how topological restric- 
tions are noticed if the chain length is increased. Subsequently, we address the 
dynamics of highly entangled systems and, finally, we consider the origin of the 
entanglements. 



3.1. Rouse Dynamics 

3.1.1. Theoretical Outline - the Rouse Model 

We consider a Gaussian chain in a heat bath as the simplest molecular model 
(Rouse model, [6]). The building blocks of such a chain are statistical segments 
which consist of several main chain bonds such that its end-to-end distance 
follows a Gaussian distribution. The whole chain is then a succession of freely 
joined Gaussian segments of a length /. Neglected are excluded volume elfects 
and all hydrodynamic interactions - both are screened in a dense environment 
and will be discussed in the section on polymer solutions - as well as the 
topological interactions of the chains, which are the subject of the reptation 
model discussed later. Under these circumstances the Brownian motion of the 
chain segments results from entropic forces, which arise from the conforma- 
tional entropy of the chain, and stochastic forces from the heat bath. The 
Langevin equation for segment ‘n’ follows: 

V„F(rJ £„(t) (13) 

where is the monomeric friction coefficient and r„ the position vector of 
segment ‘n’. For the stochastic force /„(t), we have </„(t)> 0 and 

<fna(t)fmp(t')) 2kBTi^5„,„§„,p5(t t') (white noise), a and (3 denote the Car- 

tesian components of r. F(r„) is the free energy of the polymer chain. The force 
term in Eq. (13) is dominated by the conformational entropy of the chain 
S kflln W({r„}) (kfl Boltzmann constant). The probability W({r„}) for a chain 
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conformation of a Gaussian chain of N segments is 



w({i4) 



N 



n 




3{r; D-i) 
2/^ 



(14) 



We note that the resulting entropic force is particular to macromolecular 
systems, where the conformational entropy generates a force stabilizing the most 
favorable conformation. 

With the boundary conditions that the chain ends are free of forces, Eq. (13) 
is readily solved by cos-Fourier transformation, resulting in a spectrum of 
normal modes. Such solutions are similar, e.g. to the transverse vibrational 
modes of a linear chain except that relaxation motions are involved here instead 
of periodic vibrations. 

We obtain for the relaxation rates 



where 



W 



W(1 COS^) p 1,2, ,N 



3kBT 



(15) 

(16) 



and the dimension of reciprocal time is the elementary relaxation rate of the 
Rouse process. 

The mode index p counts the number of modes along the chain. A small 
mode number, e.g. p N, (15), is approximated by 



1 37r"kBTp" P n 1 
iR P ’ 



,N 



(17) 



where Tr, the longest time of the relaxation spectrum, is also called the Rouse 
time of the chain. For the correlation function in Fourier space. 



<x;(t)xP(0)> 5,p§p 



N/2 , , , 

— ^ exp( t/xp) 



6ti p 



2kT 

<Xo(t)xo(0)) 



(18) 



is obtained, where x“ is the a component of the number ‘p’ normal mode and 
Xq the related center of the mass coordinate. In order to study the Brownian 
motion, the segment correlation functions in real space Ar^,„(t) 
<(rm(t) rn(0))^) are significant. They are obtained by retransformation of the 

normal coordinates leading to 

ArL(t) 6DRt |n m|/^ 






N ^ 

I ^cos 

P = 1 p 







( 19 ) 
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In Eq. (19) we used the fact that the mean square displacement of the center-of- 
mass provides the diffusion constant according to Dr (l/6t)<(xo(t) Xo(0))^>. 

For the special case of the self correlation function (n m)Ar„m(t) reveals the 
mean square displacement of a polymer segment. For t Tr we obtain 




In contrast to normal diffusion, Ar„n does not grow linearly but with the square 
root of time. This may be considered the result of superimposing two random 
walks. The segment executes a random walk on the random walk given by the 
chain conformation. For the translational diffusion coefficient Dr keT/ is 
obtained: Dr is inversely proportional to the number of friction-performing 
segments. 



Dynamic Structure Factors for the Rouse Model [35] 

The prerequisite for an experimental test of a molecular model by quasi-elastic 
neutron scattering is the calculation of the dynamic structure factors resulting 
from it. As outlined in Section 2 two different correlation functions may be 
determined by means of neutron scattering. In the case of coherent scattering, all 
partial waves emanating from different scattering centers are capable of interfer- 
ence; the Fourier transform of the pair-correlation function is measured Eq. (4a). 
In contrast, incoherent scattering, where the interferences from partial waves of 
different scatterers are destructive, measures the self-correlation function 
[Eq. (4b)]. 

The self-correlation function leads directly to the mean square displacement 
of the diffusing segments Ar^„(t) <(r„(t) r„(0))^>. Inserting Eq. (20) into the 

expression for S;„c(Q,t) [Eq- (4b)] the incoherent dynamic structure factor is 
obtained 

Si„c(Q,t) J 2 /rv^oi/2l on 

O3:oi I 

with the characteristic rate of the Rouse dynamics 

E!r(Q) j^keT^Q" (22) 

Unlike for diffusion, where the characteristic relaxation rate is proportional to 
Q^, here the fourth power of Q is found. 

It is obvious that (21) is equivalent to a stretched exponential decay function 
of the general form 

(t/i)P| (23) 

where the line shape parameter (3 has the value 1/2. 
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In the case of coherent scattering, which observes the pair-correlation 
function, interference from scattering waves emanating from various segments 
complicates the scattering function. Here, we shall explicitly calculate S(Q, t) for 
the Rouse model for the limiting cases (1) QRe 1 and (2) QRe 1 where 
Re is the end-to-end distance of the polymer chain. 

By substituting Eq. (19) in (4a) we obtain for the Rouse model 



S(Q,t) 



1 

N 



E exp 



Q^DrI l\n m|QV^ 
6 



2N/2Q2 

3Tt^ 



E 





tp" 



(24) 



(1) For small angles (QRe 1), the second and third terms in (24) are negligibly 
small and S(Q,t) describes the center-of-mass diffusion of the coil 

S(Q,t) Nexp^ 

(2) For QRe 1 we shall restrict ourselves to the internal relaxation t Tr. We 
thus transform Eq. (19) 



ArL(t) 6 Dr 1 |n m\if^ 




COS 






(26) 



The total is dominated by large p values for t Tr. The underlined cos-term 
then oscillates very rapidly and its contribution can be neglected. We substitute 
the remainder in (4a) and convert the p summation into an integral 



N N 

S(Q, t) — j dn j dm exp 

N 0 0 




m|/^ 



Q^N/ 

3n^ 



2 00 

-jdp 



0 



1 

^ cos 
P 







(27) 



For further calculations, the following substitutions are applied 

1. jdnjdm j!!!”d(n m) (expansion of the limits to infinity is permitted 
since the main contribution of the integral is obtained for n m), 

2. |n m| 6u/qV^p2 
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We obtain 



S(Q,t) 



12 

^0 



j duexp{ u (QRt)^^^h(u(QRt^^^))} 



with 



2 ^ cosfxv^ 

h(y) - j dx 2 — ^{1 sxp( x^)) (see Table 1). 



(28) 



We observe that in spite of the complicated functional form, S(Q,t), like the 
self-correlation function, depends only on one variable, the Rouse variable 






/SkeT/^t 

T V c 




(29) 



For different momentum transfers the dynamic structure factors are predicted to 
collapse to one master curve, if they are represented as a function of the Rouse 
variable. This property is a consequence of the fact that the Rouse model does 
not contain any particular length scale. In addition, it should be mentioned that 
or the equivalent quantity W/"^ is the only adjustable parameter when 
Rouse dynamics are studied by NSE. 



3.1.2 NSE Observations on Rouse Dynamics 

From a theoretical point of view. Rouse dynamics should prevail (1) for short- 
chain polymer melts with molecular weights (Mw) below the entanglement limit 
and (2) for long chains at short enough times. If a polymer exhibits a low plateau 
modulus, i.e. entanglement constraints are only weakly developed, then this 
initial Rouse regime may be rather extended in time, facilitating a clear observa- 
tion. Experimental investigations of the dynamic structure factor for both cases 
have been reported [36-44]. While for long-chain melts the asymptotic scatter- 
ing functions of Eq. (28) apply, short-chain dynamics require the explicit consid- 
eration of single modes Eq. (24). In this section we deal with the long-chain limit, 
while results on short chains will be presented in connection with the entangle- 
ment transition described in the next chapter. 

Poly(dimethylsiloxane) (PDMS) Melts 

Rouse motion has been best documented for PDMS [38-44], a polymer with 
little entanglement constraints, high flexibility and low monomeric friction. For 
this polymer NSE experiments were carried out at T 100 °C to study both the 
self- and pair-correlation function. 

Measurements of the self-correlation function with neutrons are normally 
performed on protonated materials since incoherent scattering is particularly 
strong there. This is a consequence of the spin-dependent scattering lengths of 
hydrogen. Due to spin-flip scattering, which leads to a loss of polarization, this 
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approach cannot be used for the NSE method. In order to overcome this 
obstacle, experiments on the self-correlation function were performed on 
a deuterated PDMS sample (Mw 100 000 g/mol) containing short protonated 
sequences at random intervals. Each of these protonated sequences contained 
eight monomers. In such a specimen, scattering is mainly caused by the contrast 
between the protonated sequence and the deuterated environment and is there- 
fore coherent. On the other hand, the sequences are randomly distributed, so 
that there is no constructive interference of partial waves produced at different 
sequences. The scattering experiment measures the self-correlation function 
under these conditions [41]. 

In Fig. 4 the scattering data are plotted versus the Rouse variable [Eq. (29)]. 
The results for different momentum transfers follow a common straight line. For 




)/wT 

Fig. 4. Neutron spin echo spectra for the self-(aboiie) and pair-(he/ow) correlation functions obtained 
from PDMS melts at 100 °C. The data are scaled to the Rouse variable. The symbols refer to the 
same Q-values in both parts of the figure. The solid lines represent the results of a fit with the 
respective dynamic structure factors. (Reprinted with permission from [41]. Copyright 1989 The 
American Physical Society, Maryland) 
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the case of the self-correlation function, the scattering function directly measures 
the mean square displacement which, according to Eq. (20), follows a square 
root law in time. This behavior is apparent Fig. 4. 

The pair-correlation function for the segmental dynamics of a chain is 
observed if some protonated chains are dissolved in a deuterated matrix. The 
scattering experiment then observes the result of the interfering partial waves 
originating from the different monomers of the same chain. The lower part of 
Fig. 4 displays results of the pair-correlation function on a PDMS melt 
(Mw 1.5 X 10^, M\v/Mw 1.1) containing 12% protonated polymers of the 
same molecular weight. Again, the data are plotted versus the Rouse variable. 




£_ 

oi 

E 

o 

L 

O 

Q- 



( 1 ) 

Q. 

O 

X 

(U 

C 



0.5 



Fig. 5. The characteristic frequencies Dr and time exponents |3 in the stretched exponential 
relaxation function obtained for the randomly labelled PDMS melt at 100 °C. (Reprinted with 
permission from [44]. Copyright 1989 Steinkopff Verlag, Darmstadt) 
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Though the functional form of the dynamic structure factor is more complicated 
than that for the self-correlation function, the data again collapse on a common 
master curve which is described very well by Eq. (28). Obviously, this structure 
factor originally calculated by de Gennes, describes the neutron data well (the 
only parameter fit is [41, 44]. 

Thus, excellent agreement with theoretical predictions is observed for both 
correlation functions. This refers to both Q and time dependence. The character- 
istic frequencies of both data sets follow the theoretical law, and the line 
shape of the dynamic structure factor of the self-correlation function fulfills the 
predicted t^^^ behavior. This is illustrated in Fig. 5 for the case of the self- 
correlation function. It shows the characteristic frequency Qr and the experi- 
mental time exponent in the stretched exponential scattering function [Eq. (23)] 
as a function of Q. Within the framework of the experimental accuracy, the 
Rouse rates determined from both measurements are identical (self-correlation: 
1.75 + 0.15 X 10^^ A"''s“^; pair correlation 1.85 + 0.1 x 10^^ A‘^s“^). 
From these findings the monomeric friction coefficient per mean square segment 
length 8.9 + 0.7 x lO^dyns/cm^ is derived. 

On the other hand, the viscosity p of a non-entangled melt is expressed by 



0 



pNa kfiT 

~Y~ 




36 Mo 






(30) 



where Mq is the molar monomer mass and p the polymer density. Thus, a direct 
comparison between microscopic (NSE) and macroscopic (rheological) data 
requires the additional knowledge of which is 39.7 A^ in the case of PDMS. 
On the basis of this value, 7.1 10^ dyns/cm^ is obtained from viscosity 

measurements which agrees well with the above given number, derived from 
NSE data [44, 45]. 



Poly(isoprene) (PI) Melts 

As a second example we present recent NSE results on PI melts (Mw 
5.7 X 10“^, Mw/M„ 1.02) where again protonated molecules (10%) in 
a deuterated matrix were studied at T 200 °C [39]. 

Figure 6 shows the measured dynamic structure factors for different mo- 
mentum transfers. The solid lines display a fit with the dynamic structure factor 
of the Rouse model, where the time regime of the fit was restricted to the initial 
part. At short times the data are well represented by the solid lines, while at 
longer times deviations towards slower relaxations are obvious. As it will be 
pointed out later, this retardation results from the presence of entanglement 
constraints. Elere, we focus on the initial decay of S(Q,t). The quality of the 
Rouse description of the initial decay is demonstrated in Fig. 7 where the 
Q-dependence of the characteristic decay rate Qr is displayed in a double 
logarithmic plot. The solid line displays the Qr ~ law as given by Eq. (29). 




Neutron Spin Echo Investigations on the Segmental Dynamics 



21 




Fig. 6. Dynamic structure factor as observed from PI for different momentum transfers at 468 K. 
(♦ Q 0.038 A~‘; □ Q 0.051A-‘;AQ 0.064A-‘;OQ 0.077A“‘;BQ 0.102A“‘; 

O Q 0.128 A“'; # Q 0.153 A“^). The solid lines display fits with the Rouse model to the initial 
decay. (Reprinted with permission from [39]. Copyright 1992 American Chemical Society, 
Washington) 



Over the entire Q-range within experimental error the data points fall on the line 
and thus exhibit the predicted dependence. The insert in Fig. 7 demonstrates 
the scaling behavior of the experimental spectra which, according to the Rouse 
model, are required to collapse to one master curve if they are plotted in terms of 
the Rouse variable u ,yWt. The solid line displays the result of a joint 

fit to the Rouse structure factor with the only parameter fit being the Rouse rate 
W/'^. Excellent agreement with the theoretical prediction is observed. The 
resulting value is WA"'' 2.0 + 0.1 x 10^^ A"''s“^. 

Rouse behavior observed on PI homopolymer melts has to be modified if the 
labelled (protonated) PI species are replaced by diblock copolymers of proto- 
nated PI and deuterated polystyrene (PS) [46]. The characteristic frequency 
Q(Q) is slowed down considerably due to the presence of the non-vanishing 
X-parameter. Thus, the reduction is stronger at smaller Q-values or at larger 
length scales than in the opposite case. In addition, as a minor effect, Q(Q) 
becomes dependent on both friction coefficients per mean square monomer 
length, valid for PI and for PS. 
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Q [A-1] 



Fig. 7. Characteristic relaxation rate for the Rouse relaxation in polyisoprene as a function of 
momentum transfer. The insert shows the scaling behavior of the dynamic structure factor as 
a function of the Rouse variable. The different symbols correspond to different Q-values. (Reprinted 
with permission from [39]. Copyright 1992 American Chemical Society, Washington) 



In summary, the chain dynamics for short times, where entanglement effects 
do not yet play a role, are excellently described by the picture of Langevin 
dynamics with entropic restoring forces. The Rouse model quantitatively de- 
scribes (1) the Q-dependence of the characteristic relaxation rate, (2) the spectral 
form of both the self- and the pair correlation, and (3) it establishes the correct 
relation to the macroscopic viscosity. 



3.2 Transition from Rouse to Entanglement Controlled Dynamics 

Figures 8 and 9 show the dependence of the self-diffusion constant and the 
viscosity of polyethylene melts on molecular weight [47,48]. For small molecu- 
lar weights the diffusion constant is inversely proportional to the chain length 
- the number of frictional monomers grows linearly with the molecular weight. 
This behavior changes into a 1/M^ law with increasing M. The diffusion 
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Fig. 8. Self-diffusion coeffieients of polyethylene chains as a function of molecular mass. The 
measurements were earried out at the same value of the monomeric friction coefficient. (Reprinted 
with permission from [48]. Copyright 1987 American Chemical Society, Washington) 



constant is much more reduced than would be expected from the increasing 
number of frictional monomers. This regime is described by the reptation model 
which will be discussed in more detail in the following section. A similar 
transition is found in the molecular weight dependence of viscosity. For short 
chains the linear relationship between viscosity and chain length predicted by 
Eq. (30) is observed, whereas for longer chains the viscosity depends on the 
molecular weight with a high power this transition is again ascribed to 

the entanglements. 





24 



B. Ewen and D. Richter 




log My^, 

Fig. 9. Kinematic viscosity v r|/p (r| viscosity, p density) divided by S^/M (S^ mean 

square radius of gyration, M molecular mass) as a function of M for polyethylene melts at the same 
monomeric friction coefficient. (Reprinted with permission from [48], Copyright 1987 American 
Chemical Society, Washington) 



3.2.1 Mode Analysis and Generalized Rouse Model 

For Gaussian chains the spatial structure of the eigenmodes is given by the 
Rouse form 
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while the time dependence may have an arbitrary form. This a priori knowledge 
of the spatial form of the eigenmodes is the starting point for an analysis asking 
how the different normal modes of a chain are influenced if topological con- 
straints become important [36]. Using the Rouse form of the eigenmodes and 
allowing for a general time dependence, the dynamic structure factor of Eq. (24) 
may be generalized: 



S(Q,t) ^exp(" ^<[xo(t) xo(0)]^> 



E exp 



^QV^Im n| 

6 II 1 P 



X cos 






(32) 



where Xq denotes the center of mass coordinates and the curly brackets denote 
the thermal average. The correlation function <(xo{t) Xo{0))^> describes the 

diffusive motion of the molecular center of gravity. The relaxation dynamics of 
the internal modes are hidden in the exact time dependence of the correlators 
<Xp(t)Xp(0)>. They describe the time-dependent development of the motion of 
a normal mode p. In the case of entropy-determined Rouse motion, the correla- 
tors have been given in Section 3.1, Eq. (18). The beginning spatial restrictions 
should lead to a more complicated time dependence. 

How can one hope to extract the contributions of the different normal modes 
from the relaxation behavior of the dynamic structure factor? The capability of 
neutron scattering to directly observe molecular motions on their natural time 
and length scale enables the determination of the mode contributions to the 
relaxation of S(Q, t). Different relaxation modes influence the scattering function 
in different Q-ranges. Since the dynamic structure factor is not simply broken 
down into a sum or product of more contributions, the Q-dependence is not 
easy to represent. In order to make the effects more transparent, we consider the 
maximum possible contribution of a given mode p to the relaxation of the 
dynamic structure factor. This maximum contribution is reached when 
the correlator <Xp(t)Xp(0)> in Eq. (32) has fallen to zero. For simplicity, we retain 
all the other relaxation modes: <Xs(t)Xs(0)> 1 for s p. 

Under these conditions, Eq. (32) indicates the maximum extent to which 
a particular mode p can reduce S(Q, t) as a function of the momentum transfer 
Q. Figure 10 presents the Q-dependence of the mode contributions for PE of 
molecular weights 2000 and 4800 used in the experiments to be 

described later. Vertical lines mark the experimentally examined momentum 
transfers. Eet us begin with the short chain. For the smaller Q the internal modes 
do not influence the dynamic structure factor. There, only the translational 
diffusion is observed. With increasing Q, the first mode begins to play a role. If 
Q is further increased, higher relaxation modes also begin to influence the 
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Fig. 10a, b. Contributions of 
the different modes to the relax- 
ation of the dynamic structure 
factor S(Q,t)/S(Q, 0) (see text) 
for PE of molecular masses, 
a M„ 2.0 X 10^ g/mol and 
b M„ 4.8 X 10^ g/mol. The 
experimental Q-values are in- 
dicated by vertical lines', curves 
correspond to mode numbers 
increasing from bottom to top. 
(Reprinted with permission 
from [52]. Copyright 1993 The 
American Physical Society, 
Maryland) 



dynamic structure factor. If the chain length is enlarged, the influence of the 
different internal relaxation modes shifts toward smaller momentum transfers. 
This Q-dependence of the contributions of different relaxation modes to S(Q,t) 
permits a separation of the influence of different modes on the dynamic structure 
factor. 

In order to be able to evaluate data with a reasonable number of parameters, 
the mode analysis assumes, as a first approximation, that the exponential 
correlation of the correlations [Eq. (18)] is maintained, and only the relaxation 
rates 1/Xp are allowed to depend on a general form on the mode index 



i 

Tp 



(33) 



The mode-dependent rate Wp is the parameter of analysis. 

Some years ago, on the basis of the excluded-volume interaction of chains, 
Hess [49] presented a generalized Rouse model in order to treat consistently the 
dynamics of entangled polymeric liquids. The theory treats a generalized 
Langevin equation where the entanglement friction function appears as a kernel 
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of a memory function 



^(r„ + i{t) r„_i(t) 2r„(t)) i;f„{t) 

Xidt'iAU(t t')f„{t') f„(t) (34) 

m 0 

where f„ the random forces acting on segment n, and A^„m{t) is the entanglement 
friction function. The entanglement friction function is calculated as the auto- 
correlation function of the excluded-volume forces. Though important approxi- 
mations are involved, this approach goes beyond earlier phenomenological 
attempts, where Ai^ was derived from phenomenological arguments [50]. In 
order to obtain a treatable problem, a series of approximations were necessary, 
reducing the many chain problem of Eq. (34) to a single-chain equation. Thus, 
the entanglement fricton function is expressed in the form of the single-chain 
propagator squared, including not only motions of single chains but also that of 
other chains, or constraint-release processes are built in. This approach has 
some similarity to des Cloiseaux’s recent double reptation concept [51]. Finally, 
the entanglement friction function becomes 

AC(t) 4^qe^ jdyy-^exp) ty^ieff) (35) 



where x^f is the characteristic time for the relaxation of the entanglement friction 
function and q “ ^ stands for the range of the chain interaction potential. Taking 
Ai^(t 0) and N^, as the two model parameters Tj,ff may be written as 
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(36) 



Equations (35) and (36) define the entanglement friction function in the general- 
ized Rouse equation (34) which now can be solved by Fourier transformation, 
yielding the frequency-dependent correlators <Xp(o))Xp-(®')>. In order to 
calculate the dynamic structure factor following Eq. (32), the time-dependent 
correlators <Xp(t)Xp(0)> are needed. 

For small and large a>, explicit expressions may be evaluated analytically. 
The short-time behavior of the correlators becomes 



<xp(t)xp(0)> 



kuT /AC(0) 

2NVp^y CVp 




with Vp Vp Ai;(0)/(; 




(37) 



Vp f/Xp. Besides the Rouse model, where the correlations decay exponentially 
[Eq. (18)], the effect of entanglement friction leads to an exponential decay of 
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only part of <Xp(t)Xp(0)>. A time-dependent plateau remains the height of which 
depends via Vp on the mode number and the relative strength of the entangle- 
ment friction rate Ai^(0)/1^. The modes do not completely decay; large-scale 
relaxations with low p are suppressed or strongly reduced. 

In the long-time limit one finds 



I 

<xp(t)xp(0)> exp 

\ 



\ 

Vp 

5 AC(0) 

3 — Any 



(38) 



Using Teff (6/5) (N/Nc)^/Ai/(0), the relaxation time becomes 

Vp Vp(l 2N/NJ-1 (39) 

which in the long-chain limit agrees with the reptation prediction v 1/N^ (see 
next section). For sufficiently long chains the center of mass diffusion displays an 
interesting crossover from Rouse-like diffusion at short times (D f/N) to 
reptation diffusion (D 1/N^, see next section) at long times. In order to 
visualize a typical time-dependent diffusion coefficient, in Fig. 11 we present the 




t [ns] 

Fig. 11. Mean square center of mass displaeement as a function of time as calculated for 
a Mw 6500 g/mol PE chain on the basis of the parameters obtained from a fit of the spectra to the 
Hess model. (Reprinted with permission from [36]. Copyright 1994 American Chemical Society, 
Washington) 
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predicted mean-square center of mass displacement for a 6500 chain 

using parameters from an evaluation of experimental spectra to be discussed 
below. Figure 11 shows that within the experimental time range (between 10 and 
100 ns) the crossover from short-to long-time behavior takes place. 



3.2.2 NSE Results from the Transition Regime 

In order to find out how the onset of entanglement effects influences the 
intrachain motions, NSE experiments were carried out on a number of 
poly(ethylene) (PE) melts at T 236 °C with molecular masses in the transition 
range (M^ 2000, 3600, 4800, 6500 g/mol) [36,52]. The monodisperse, 

deuterated melts were mixed with 10% protonated chains of the same length. 
Figure 12 shows experimental spectra obtained on specimens with molecular 
weights of 2000 and 4800. A comparison of the spectra shows that the relaxation 
is obviously much less advanced for the longer chain compared to the shorter 
chain. Let us take the spectrum at the momentum transfer Q 0.12 A“ ^ as an 
example. While the dynamic structure factor for the shorter chain has already 
decreased to about 0.1 after 20 ns, the longer chain only relaxes to about 0.4 for 
the same Q and the same time. 




Fig. 12a, b. Dynamic structure 
factor for two polyethylene melts 
of different molecular mass; 
a Mw 2 X 10^ g/mol b Mw 
4.8 X 10^ g/mol. The momentum 
transfers Q are 0.037, 0.055, 0.077, 
0.115 and 0.155 from top to 
bottom. The solid lines show the 
result of mode analysis (see text). 
(Reprinted with permission from 
[36]. Copyright 1994 American 
Chemical Society, Washington) 
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Mode Analysis 

Following the mode analysis approach described in Section 3.2.1, the spectra at 
different molecular masses were fitted with Eqs. (32) and (33). Figure 13 demon- 
strates the contribution of different modes to the dynamic structure factor for 
the specimen with molecular mass 3600. Based on the parameters obtained in 
a common fit using Eq. (32), S(Q,t) was calculated according to an increasing 
number of mode contributions. 

Figure 13a shows the contribution of translational diffusion. The transla- 
tional diffusion only describes the experimental data for the smaller momentum 
transfer Q 0.037 A“^. Figure 13b presents S(Q,t), including the first mode. 
Obviously, the long-time behavior of the structure factor is now already ad- 
equately represented, whereas for shorter times the chain apparently relaxes 
much faster than calculated. 

Figures 13c-e shows how the agreement between experimental data and the 
calculated structure factor improves if more and more relaxation modes are 
included. In Fig. 13e, finally, very good agreement between theory and experi- 
ment can be noted. 

Figure 14 shows the results for Wp, the mode-dependent relaxation rate, for 
the different molecular masses as a function of the mode index p. For the 
smallest molecular mass 2000 g/mol relaxation rates Wp are obtained 

which are independent of p. This chain obviously follows the Rouse law. The 
modes relax at a rate proportional to p^ [Eq. (17)]. If the molecular weight is 
increased, the relaxation rates are successively reduced for the low-index modes 
in comparison to the Rouse relaxation, whereas the higher modes remain 
uninfluenced within experimental error. 

Flow can we understand this behavior? In the next section, where it is shown 
that for polyethylene at the experimental temperature of 509 K the molecular 
mass between entanglements is Me 2000 g/mol, corresponding to Ne 
Me/Mo 140 monomers (Mq: molar monomer mass). Eet us assume that the 
characteristic length for a relaxation mode Lp is given by the distance between 
two knots (Ep /N/p). We can then define a critical mode index Per N/Ng 
below which the characteristic extension of a mode becomes greater than the 
distance between entanglements in the long-chain melt. These critical mode 
indices for the different molecular weights are plotted as arrows in Fig. 14. It is 
evident that relaxation modes show deviations from Rouse behavior when their 
extension is greater than the entanglement distance on the long-chain melt. We 
thus come to an interpretation of the results of mode analysis. Topological 
interactions block, or at least very much reduce, the relaxation rate for those 
modes whose characteristic length becomes greater than the entanglement 
distance formed in long-chain melts. 

We are now going to compare the results of mode analysis with measure- 
ments of viscosity on polyethylene melts. With the aid of Eq. (30), which links the 
viscosity to the relaxation times, we can predict the viscosity using the results of 
spin-echo measurements and compare it with the viscosity measurement 




S(Q,t)/S(Q,0) 
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Fig. 13a-e. Result of the mode analysis for the 
3600 g/mol sample. The diagrams show 
the result of a calculation of the spectra retain- 
ing a successively rising number of modes in 
comparison to the experimental result; 
a translation diffusion only, b translation dif- 
fusion and first mode, c translation diffusion 
and the first two modes, d translation diffusion 
and the first three modes, e translation diffu- 
sion and all modes. (Reprinted with per- 
mission from [36]. Copyright 1994 American 
Chemical Society, Washington) 
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Mode number p 



Fig. 14. Relaxation rates Wp for the first four relaxation modes of chains of different molecular mass 
as a function of the mode number p. The arrows indicate the condition p N/N^ for each molecular 
weight. (Reprinted with permission from [52], Copyright 1993 The American Physical Society, 
Maryland) 



[36,47]. This is done in Fig. 15 where the viscosity is shown as a function of 
molecular mass. The open circles represent the predictions of the NSE result, 
whereas the filled circles represent the viscosity measurement. Both data sets are 
in excellent agreement and demonstrate the consistency of evaluation. 

Generalized Rouse Model 

In addition to the Rouse model, the Hess theory contains two further para- 
meters: the critical monomer number and the relative strength of the 
entanglement friction A^(0)/i^. Furthermore, the change in the monomeric fric- 
tion coefficient with molecular mass has to be taken into account. Using results 
for ^(M) from viscosity data [47], Fig. 16 displays the results of the data fitting, 
varying only the two model parameters and A^(0)/^ for the samples with the 
molecular masses Mw 3600 and Mw 6500 g/mol. 
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Fig. 15. Comparison of the 
viscosities either directly meas- 
ured or calculated from the 
spin-echo results for polyethy- 
lene melts at 509 K as a func- 
tion of molecular mass (• ex- 
perimental result; o viscosities 
calculated on the basis of mode 
analysis). (Reprinted with per- 
mission from [52], Copyright 
1993 The American Physical 
Society, Maryland) 



In this fitting procedure the time-dependent diffusion coefficient as discussed 
above has been taken explicitly into account. As can be seen, with only two 
parameters both sets of spectra are well described. This holds also for the other 
two samples. For the model parameters, the fit reveals Ne 150 and 
A(^(0)/^ 0.18 ns. Nj, is very close to N^, 138 as obtained from the NSE 

experiments on long-chain PE (see next section). 

According to Hess, the relative strength of the entanglement friction can be 
related to the more microscopic parameter qc~ ^ , describing the range of the true 
interchain interaction potential. A value of q “ ^ 7 A, close to the average 

interchain distance of about 4.7 A, is obtained. 

Thus, with only two parameters, the values of which are both close to 
expectations, the Hess model allows a complete description of all experimental 
spectra. In the complex crossover regime from Rouse motion to entanglement 
controlled behavior, this very good agreement confirms the significant success of 
this theory. 

Figure 17 displays the time-dependent correlations <Xp(t)Xp(0)> calculated 
for the Mw 6500 g/mol sample on the basis of the fit results. The curves 
present the time-dependent relaxation of the different modes, commencing with 
p 1 at the top. In order to separate the different curves, they have been plotted 
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Fig. 16. Experimental spectra from the PE sample with M„ 3600 g/mol (above) and 
6500 g/mol (below) compared to the calculated spectra from the Hess model where the 
parameters were obtained from a joint fit of all spectra. (Reprinted with permission from [36], 
Copyright 1994 American Chemical Society, Washington) 



to include the 1/p^ prefactor [Eq. (32)]. While the first modes relax only 
marginally, the main relaxation of the dynamic structure factor on the experi- 
mental time window is observed on the higher p modes. The two-step relaxation 
exhibited by the higher p modes reflects the relaxation behavior displayed by 
Eq. (37). The correlation functions first decay to a plateau, the value of which 
depends on the mode number. For long times final relaxation occurs. 
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Fig. 17. Time-dependent correlators for different Rouse modes in the Hess model. The calculations 
where performed for PE of M„ 6500 g/mol. The mode numbers increase from the top commencing 
with p 1. (Reprinted with permission from [36], Copyright 1994 American Chemical Society, 
Washington) 



In conclusion, the Q-dependence of the mode contributions to the dynamic 
structure factor facilitates direct access to the individual relaxation modes of 
a chain. This follows from the fact that neutrons permit motion to be observed 
on their natural length and time scales. We find that large-scale modes with 
a characteristic length greater that the entanglement distance or with a mode 
index p N/N^, are slowed down signihcantly. Quantitative agreement with 
viscosity measurements is achieved with the aid of the extracted relaxation rates. 
A comparison with the generalized Rouse model according to Hess demon- 
strated that this model is able to describe the Q and molecular weight depend- 
ence of the dynamic structure factor very well. 





36 



B. Ewen and D. Richter 



3.3 Entanglement Constraints in Long-Chain Polymer Melts 

3.3.1 heoretical Outline - he Reptation or ube Concept 



As mentioned at the beginning of Section 3, the plateau modulus of long- chain 
polymer melts has been interpreted in analogy to rubber elasticity by the 
hypothesis of a temporary network built from the entanglements of the mutually 
interpenetrating chains. A number of theories of viscoelasticity have been 
developed on the basis of this assumption. The most famous of these is the 
reptation model by de Gennes and Doi and Edwards [8, 10]. In this model, 
a snake-like creep along the chain profile is postulated as the dominant chain 
movement. The lateral freedom of this is modeled by a tube confinement 
following the coarse-grained chain profile. The tube diameter d is identified by 
the spacing of the cross-links of the rubber analogue. This establishes a relation 
between the plateau modulus and the tube diameter [5] 



0 4 <Re^> pkT 

5 M d^ 



(40) 



where <Re> nNCoo^fo is the mean square end-to-end distance, Coo is the 
characteristic ratio, / o the average main chain bond length, n the average bond 
number/monomer, and N the number of monomers in the chain. Equation (40) 
represents one of the fundamental relationships of the Doi-Edwards theory 
relating macroscopic viscoelastic properties to microscopic chain confinement. 

Tube confinement leads to strong alterations of the mean square segment 
displacements as compared to the Rouse model. 

1. Rouse regime: For short times, during which a chain segment does not regard 
any of the topological restrictions of the movement (r d), we expect unrestric- 
ted Rouse behavior Ar^„(t) ~ [Eq. (20)]. This motional behavior reaches its 
limits if Ar^„ becomes comparable with the tube diameter d^. With the aid of 
Eq. (20) and the condition Ar„n d^, it follows for the crossover time 



71 d% 
12kBT/2 



(41a) 



A different estimate, which identifies Xe with the slowest Rouse mode of a chain 
with the end-to-end distance, R^ d^ leads to a quite similar result 



71 d% 



(41b) 



2. ocal reptation regime: For times t Xg we have to consider curvilinear 
Rouse motion along the spatially fixed tube. The segment displacement 
described by Eq. (18) (n m) must now take the curvilinear coordinates s along 
the tube into consideration. We have to distinguish two different time regimes. 
For (t Xr), the second part of Eq. (19) dominates - when the Rouse modes 
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equilibrate along the tube, we retain the familiar t^^^ law - while for t Tr, the 
first term carries the weight - the chain diffuses along the tube. If a segment 
performs a mean square displacement <(s{t) s(0))^> along the tube where s are 

curvilinear coordinates, its mean square displacement in three-dimensional 
space is <(r(t) r(0))^> d<(s(t) s(0))^>^^^. The tube itself constitutes a 

Gaussian random walk with step length d. For the two regimes we thus obtain 
[34] 



(V T/2 \1/4 

Ari(t) X, t Tr 

^ ^ (42) 

Ari(t) d( tj Tr t Id 

where Xj is the terminal time at which the chain has completely left its original 
tube. 

3. Diffusion regime: For times t x^ the dynamics are deter- 

mined by reptation diffusion. We expect normal diffusive behavior 

F Td^ 

Ar„\(t) ^t (43) 

The reptation model thus predicts four dynamic regimes for segment diffusion. 
They are summarized in Fig. 18. 



Dynamic Structure Factors 

As mentioned in Section 3.1, the incoherent dynamic structure is easily cal- 
culated by inserting the expression for the mean square displacements [Eqs. (42), 
(43)] into Eq. (4b). On the other hand, for reptational motion, calculation of the 
pair-correlation function is rather difficult. We must bear in mind the problem 
on the basis of Fig. 19, presenting a diagrammatic representation of the repta- 
tion process during various characteristic time intervals. 

1. Rouse regime: For t Xe, we are dealing with unrestricted Rouse move- 
ments. Here, the dynamic structure factor of the Rouse model should be valid. 
For t Xe, density fluctuations are equilibrated across the tube profile, and we 
enter the regime of (2) local reptation [53]. Density fluctuations equilibrate 
within the chain along the fixed tube. Here, the t^^“^ law is valid for the 
self-correlation function. The pair-correlation function is sensitive to changes in 
the relative position of different segments. During Rouse relaxation in the tube, 
the relative arrangements of segments changes only marginally, they slip to 
a large extent collectively up and down the tube. For the dynamic structure 
factor this means that S(Q, t) tends to approach a Q-dependent plateau value. 
For Xr t Xd, the chain creeps out of its tube. Here, x^ is the time after which 
the chain has completely left its original tube. Correlations between the various 
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Fig. 18. Mean square displacement of a chain segment undergoing reptational motion as a function 
of time 



chain domains are gradually lost. We expect a further decrease in S(Q,t). For 
t Id, the segment diffusion process is converted into reptation diffusion. 
Normal diffusive behavior, determined by the reptation diffusion constant, can 
be expected here. 

2. Regime of local reptation: We have already dealt with domain (1). For the 
regime of local reptation (t ig) a calculation by de Gennes gives S(Q, t) to the 
first order of (Qd)^ and neglects the initial Rouse movement [53]: 



S(Q,t) 



QM" 

36 



Q^d^ 

36 



exp 





(44) 



where u is the ‘Rouse variable’ (see Table 2). As discussed above, for long times, 
S(Q, t) approaches a plateau: S(Q, t oo) 1 Q^d^/36. The existence of the 

tube diameter as a dynamic characteristic length invalidates the scaling property 
of the Rouse model, S(Q,t) S((Q/)^(Wt)^^^) and leads to characteristic devi- 
ations. Apart from the dependence on (Q/)^ (Wt)^^^, S(Q, t) depends explicitly 
on Qd. This result is of a general nature and does not depend on the special de 
Gennes model. 
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Fig. 19a-c. Schematic representation of a reptating chain in different time regimes a Short-time 
unrestricted Rouse motion; b equilibration of density fluctuations along tha chain; c creep motion of 
a chain out of its tube. 



A quantitative analysis of scattering data, originating from the crossover 
regime between short-time Rouse motion and local reptation, needs explicit 
consideration of the initial Rouse motion neglected by de Gennes. Ronca [50] 
proposed an effective medium approach, where he describes the time-dependent 




Table 2. Dynamic structure factors for reptational dynamics 
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friction in terms of a phenomenological memory function. His approach has 
similarities to the more microscopic treatment of entanglement friction dis- 
cussed above. In the particular case of infinite chains, both treatments result in 
the same expression for the dynamic structure factor. In order to model the 
chain confinement, Ronca introduced an additional viscoelasticity term in the 
Langevin equation for the Rouse movement: 



0q, 3 ]<CbT 8^r„ 
0t 0n^ 



djK(t 



8r 

t')^dt' 

0t' 



f„(t) 



(45) 



The memory function K(t) phenomenologically describes the elastic coupling 
between the chains. Equation (45) is similar to viscoelastic equations involving 
the time-dependent modulus G(t). Phenomenologically, it was argued that K(t) 
must therefore be related to G(t). If each segment was to move like a macro- 
scopic object in the medium of the other chains, then K(t) G(t) would be valid. 
For infinite chains, the solutions of Eq. (45) have the form of Eq. (37). In 
particular, for the transition regime from Rouse motion to entanglement con- 
trolled dynamics, the mean square displacements between different segments 
becomes 



<(rn{t) 



r„,(0))"> 



d^ / In m| 16Wt\ 

Ne 



with 



(46) 



g(x, y) 



2x 



exp(x)erfc 





exp( 





where le (jd‘^/48 Eb T/ ^ is the characteristic time constant for the entanglement 
transition. Within a factor of 2 this transition time agrees with expression (41b) 
defining Xg as the Rouse time of an entanglement strand. Inserting Eq. (46) into 
Eq. (4a) yields the dynamic structure factor S(Q,t) for the Ronca model (see 
Table 2): 



S(Q,t) 

S(Q) 



24 




/ 16W/^t 

g z. 

48 ^ 



dz 



(47) 



Like the dynamic structure factor for local reptation it develops a plateau 
region, the height of which depends on Qd. Figure 20 displays S(Q,t) as 
a function of the Rouse variable Q^/^,yWt for dilferent values of Qd. Clear 
deviations from the dynamic structure factor of the Rouse model can be seen 
even for Qd 7. This aspect agrees well with computer simulations by Kremer 
et al. [54, 55] who found such deviations in the Q-regime 2.9 Qd 6.7. 

Recently, des Cloizeaux has conceived a ‘rubber’-like model for the 
transition regime to local reptation [56]. He considered infinite chains with 
spatially fixed entanglement points at intermediate times. In between these 
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Fig. 20. Single-chain dynamic 
structure factor of the Ronca 
model as a function of the Rouse 
variable for different values of Qd, 
(d, tube diameter; d, d). (Re- 
printed with permission from [50], 
Copyright 1983 American Institute 
of Physics, Woodbury N.Y.) 



temporary ‘cross-links’ the chains are allowed to perform Rouse motion. For the 
distribution of entanglement points along a given chain, a Poisson distribution 
was assumed. The explicit form of the normalized, coherent dynamic structure 
factor is given in Table 2. Qualitatively, the des Cloizeaux and the Ronca models 
arrive at similar results for S(Q, t) in the transition region. Quantitatively, as 
a consequence of the assumed distribution of entanglement distances, the 
Q-dispersion of the plateau heights is less pronounced as in the Ronca model. 
Furthermore, for a given averaged entanglement distance S(Q, t) in the rubber- 
like model decays less than for the effective medium or the local reptation model. 
This may be rationalized considering that there the entanglement points are 
fixed in space. 

3. Regime of creep: In the time range t Tr, the chain creeps out of the tube. 
Doi and Edwards give a simple argument for the shape of the dynamic structure 
factor for the range QRq 1 [5]. For the parts of chain still in the original tube 
S(Q, t) 12/Q^/^ and for those parts of the chain which have already crept out 
of the tube all correlations have subsided and S(Q, t) 0. It follows 



S(Q,t) 



(48) 
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where 



4'{t) 



8 



E 

Podd 




tp" 

"Id 



is the probability that a piece of the chain will remain in the tube. 

4. Diffusion regime: Finally, for time t x^j and QRq 1, translational diffu- 
sion of the whole chain is observed resulting in 

S(Q,t) Ne ‘3^°* (49) 



with the diffusion coefficient for reptation D 1/3 keTd^/N^/^^ . 

The presence of entanglement constraints is expected to show itself (1) by 
a reduction in the time decay of S(Q,t) compared to the Rouse dynamic 
structure factor and (2) by the systematic Q-dependent deviation from the Rouse 
scaling properties. 



3.3.2 NSE Studies on Entangled Polymer Melts 
Poly(tetrahydrofurane) (PTP[F) 

First evidence for a slowing down of S(Q, t) decay was reported by Higgins and 
Roots [57], who compared dynamic structure factors obtained from ‘long’ 
labelled PTHF chains in matrices of short and long chains. Figure 21 compares 
S(Q, t) at Q 0.09 for both samples. Clearly, in the long-chain environ- 
ment, S(Q, t) decays much more slowly than among short chains. Unfortunately, 
in this experiment the polymers studied were ill defined with Mw-distributions 
ranging from 10^ to 2.5 x lO^*^ g/mol for the short chains and 10^ to 10® g/mol for 



I /A ~ t 




Fig. 21. Comparison of the 
dynamic structure factors from 
long PTHF chains in a matrix 
of long chains ( x ) with that in 
a matrix of short chains (•). The 
Q-value of the experiment was 
Q 0.09 A“^, the temperature 
T 418 K (Reprinted with per- 
mission from [57], Copyright 
1985 Royal Society of Chem- 
istry, Cambridge, UK) 
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the long chains. Under these circumstances the friction coefficients of the 
matrices will be quite different [47], and part of the effect must be traced to 
changes in the general mobility. Consequently, model-independent signatures 
for the dynamic length like systematic deviations from Rouse scaling could not 
be established. Nevertheless, Fig. 21 shows that a long-chain environment 
clearly restricts the chain mobility in comparison to the short-chain mixture. 



Poly(isoprene) (PI) 

The first experiments clearly showing systematic Q-dependent deviations from 
Rouse scaling were performed on PI [39]. They provided first evidence for the 
existence of the intermediate dynamic length scale set by the entanglement 
distance d. As already displayed in Fig. 6 for a PI melt at 200 °C (Mw 52 000 
g/mol, Mw/M„ 1.02) in a time window of 20 ns, the decay of S(Q,t) 
is systematically weaker compared to the Rouse dynamic structure factor. 
Figure 22 displays the same spectra in a scaling representation using 
W/"'' 2.0 10^^ A s“ \ the value found from the short-time Rouse regime. For 




0 2 4 6 8 10 12 14 



Fig. 22. Scaling representation of the spectra obtained from a Polyisoprene melts in terms of the 
Rouse variable. The solid line displays the Rouse structure factor using the Rouse rate determined at 
short times, (o Q 0.153A-h Q 0.128A“hnQ 0.102A"‘.*Q 0.077A-‘;AQ 0.064 

A“^) (Reprinted with permission from [39]. Copyright 1992 American Chemical Society, Washing- 
ton) 
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small values of the scaling variable u, the data are reasonably well described by 
the Rouse master function (look, however, for the long-time results at 
Q 0.064 A“ ^). Towards larger u the data fall systematically above the master 
function indicating slower relaxation or the presence of constraints. Within 
experimental accuracy, however, the deviations from scaling are still marginal 
though slight indications for a splitting of the spectra with Q are suggestive. In 
this respect, the spectra are similar to those obtained from PDMS, where at 
larger values of the scaling variable deviations slower than Rouse relaxation 
were seen [41, 42]. 

Figure 23 presents spectra from a PI sample with somewhat larger molecular 
mass (Mw 79100g/mol; Mw/M„ 1.03) again taken at 200 °C. For this 
experiment the time range has been extended to t^^^ 46 ns. Displayed in 

a Rouse scaling plot these data exhibit a pronounced and systematic splitting 
with Q. The solid lines represent a ht with Ronca’s effective medium model [50]. 
Again, the Rouse rate was hxed to the value obtained at short times. The only 
parameter fitted was the entanglement distance yielding d 52 + 1 A (see also 
Table 3). Overall, Ronca’s model provides a good description of the experi- 
mental data concerning both the line shape as well as the magnitude of the 




Fig. 23. Rouse-scaling representation of the spectra obtained from polyisoprene at a neutron 
wavelength of A, ll.sAandX 473 K(AQ 0.074A”‘;«Q 0.093A“‘;DQ 0.121A-‘). 

The solid lines are the result of a fit with the Ronca model [50], The arrows indicate for 

each curve. (Reprinted with permission from [39]. Copyright 1992 American Chemical Society, 
Washington) 
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Table 3. NSE results on polymer melts 







NSE 




Rheology 


Sample 


T(K) 


d(A) 


Xc(ns)“ 


d(A) 


PI 


473 


52 + P 


32 


51 (298 K) 


PEP 


492 


47.5 + 0.4'’ 


15 


43.1 + 2 


homopolymer 




49.6 + 0.9“ 






PEP triblock 


491 


47.1 +0.7'’ 


15 




PEB-2 


509 


43.5 + 0.7“ 




35 (373 K) PE 






43.1 +0.9” 


5 


42 (509 K) PEB-7 






60.6” 






PDMS 


473 


70 + 3” 


60 


75 (413 K) 



“Calculated on the basis of Eq. (41b). 
'’Fit with the Ronca model. 

‘ Fit with local reptation. 

“* Fit with the des Cloizeaux model. 



Q-splitting. Using Eqs. (41a) and (41b) the crossover time le from unrestricted 
Rouse to entanglement controlled behavior was calculated. The calculation on 
the basis Ar^„ d^ [Eq. (41a)] yields Xe 250 ns, clearly overestimating le. 
In this case, entanglement elfects would have hardly been seen in the experi- 
mental time window (t^^^x 46 ns). Equation (41b) which calculates ij, as the 

Rouse time of a chain between entanglements gives Xg 32 ns which is compat- 
ible with the experimental spectra. Small arrows in Fig. 23 indicate the position 
in the scaling plot where Wxg (Qd)^/;: is reached, showing that the 

experimental time range just reaches the crossover region. Finally, in terms of 
Ronca’s model the characteristic crossover time is Xg 20 ns. 



Alternating (Polyethylene-Propylene) (PEP) Copolymer 

In the case of PEP, a homo- and a triblock copolymer (M^ 83 800 g/mol; 

Mw/M„ 1.03; triblock: Mw 87 800 g/mol; Mw/M„ 1.03), where in the 
latter case the middle block was labelled, have been investigated [39,58,59]. 
Figure 24 displays the measured dynamic structure factors for the two polymers 
at T 492 K. The scattering functions are characterized by a rapid initial 
decrease followed by longer times by a plateau regime in time. The observation 
of an “elastic” time-independent contribution to S(Q,t) is the main result of this 
experiment. For comparison for the largest Q the dashed line in Fig. 24 displays 
the dynamic structure factor for unrestricted Rouse relaxation exhibiting the 
same initial decay. A comparison of the homopolymer and triblock results 
shows that, apart from a slightly slower relaxation in the initial decay, the 
triblock has a similar relaxation behavior. In particular, the long-time plateaus 
are identical for both polymers, indicating that they both relax under the same 
constraints, whereby end effects appear to be of no importance. 
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Fig. 24. NSE spectra from the PEP homopolymer (above) and the triblock (below) at 492 K. 
The solid lines are the result of a fit with the Ronca model [49]; the dashed line presents the 
expeeted dynamic structure factor for Rouse relaxation corresponding to the highest Q-value. 
(• Q 0.058 A“‘; Q 0.068 □ Q 0.078 A “i; A Q 0.097 A" o Q 0.116 A"‘; 

♦ Q 0.116 A“^). The arrows mark the crossover time x^. (Reprinted with permission from [39]. 
Copyright 1992 American Chemical Society, Washington) 



Figure 25 presents the homopolymer data in a scaled form. The splitting into 
Q-dependent plateau levels is much more pronounced than for PI, a phenom- 
enon resulting from a faster relaxation rate and somewhat stronger constraints. 
Again, the Ronca model represents an excellent description of the experimental 
data reproducing the line shape, i.e. the relatively sharp crossover and the 
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Fig. 25. Rouse-scaling representation of the PEP homopolymer data at 492 K. Above solid lines 
represents the Ronca model [50]; below solid lines display the predictions of local reptation [53], 
The so/itf /ifies from foe/ow to_^afco!)e correspond to Q 0.135 A“^;Q 0.116 A“^;Q 0.097 A“'; 

Q 0.078 A'; Q 0.068 A”'; Q 0.058 A"^). The symbols along the lines are data points 
corresponding to the respective Q-value. (Reprinted with permission from [39]. Copyright 1992 
American Chemical Society, Washington) 



Q-dependence of the plateau levels. The results for the model parameters are 
given in Table 3. The crossover time le 15 ns (T 492 K) calculated with 
Eq. (41b) agrees well with the observed spectral shape in dividing the initial fast 
decay from the plateau-like behavior at longer times. Figure 25 (lower part) 
compares the experimental spectra for times longer than with the local 
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reptation model of de Gennes [Eq. (44)]. This model omits the initial 
Rouse decay, therefore, data for t were not considered. Furthermore, 
the Rouse rate, which is determined by the initial decay of the spectra, was 
imposed on the fit. As can be seen, the long-time behavior of the experimental 
results is well depicted, making it impossible to distinguish between the two 
models. 



Polyethylene (PE) 

With respect to the intensity resolution relationship of NSE, PEB-2 [essentially 
PE with one ethyl branch every 50 main chain bonds; the sample is obtained by 
saturating \-A polybutadiene, the residual 1-2 groups (7%) cause the ethyl 
branches; 73200 g/mol; Mw/M„ 1.02] has two advantages compared 

to PEP: (1) the Rouse rate of PEB-2 is more than two times faster than that 
of PEP at a given temperature [W/pep (500 K) 3.3 x 10^^ A'^s”^; W/peb 
(509 K) 7 X 10^^ A"^ s“ ^]; (2) at the same time, the topological constraints are 
stronger. 

Therefore, it was possible to access the interesting time regime using neu- 
trons of shorter wavelength (k 8.5 A) covering the time window 0.3 t 17 
ns [60]. The neutron intensity at this wavelength is about four times higher than 
that at k 11.25 A used for PEP, leading to data of higher statistical accuracy. 
Figure 26 presents representative spectra obtained at 509 K in a scaling form. 
The solid line in the upper part of Fig. 26 is the result of a fit with the Ronca 
model. As is evident, the agreement between the Ronca model and the experi- 
mental results is not as good as for the other two polymers; the spectra appear to 
exhibit some systematic deviations from the theoretical curves. For Q 0.0078 
A“^ and Q 0.116 A“^ at long times the data points fall below the theoretical 
line, while for Q 0.155 A“^ the opposite trend is evident. The lower part of 
Fig. 26 displays a comparison with the local reptation model again restricted to 
times t Te 5 ns. As in the case of PEP, the Rouse rate was taken from the 
initial decay of S(Q, t). Apparently, the local reptation model fits the spectra 
significantly better than the Ronca model. In particular, it accounts for the 
persisting gradual decay of S(Q, t)/S(Q,0) even at large Wt. Further- 

more, it also describes the amount of Q splitting more accurately than the 
Ronca model. The resulting entanglement distance d from the fit with the local 
reptation model dilfers only slightly from the d-value obtained from the Ronca 
model (see Table 3). 

Finally, Fig. 27 compares the PE-data with the predictions of the rubber-like 
model of des Cloizeaux [51]. This model describes the experimental data very 
appropriately over the entire range of the scaling variable observed. In particu- 
lar, we note that compared to the Ronca model description the predicted 
Q splitting is less pronounced and much closer to the experimental observation. 
In his analysis des Cloizeaux derives a mean distance squared between entangle- 
ment of <S^> 12.55 nm^. In order to compare results with the entanglement 
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Fig. 26. NSE spectra in polyethylene melts at 509 K in a Rouse scaling plot: (o Q 0.078 
; ■ Q 0.116 A“'; A Q 0.155 A“^. Above Spectra in comparison to a fit of the generalized 
Rouse model [49]. Below comparison of the data with the predictions of the local reptation model 
[53] omitting the measurement points which correspond to the initial Rouse relaxation. The arrows 
indicate (Reprinted with permission from [39]. Copyright 1992 American Chemical 

Society, Washington) 



distances and tube diameters as defined here, this value has to be multiplied by 3, 
resulting in d 60.6 A, a value considerably larger than d 43 A as obtained 
from the other two models. As discussed above, the assumption of spatially fixed 
entanglement points requires a larger average entanglement distance for a given 
decay of S(Q,t). 

So far, the existence of a well-defined entanglement length in dense polymer 
systems has been inferred indirectly from macroscopic experiments like 
measurements of the plateau modulus. However, its direct microscopic observa- 
tion remained impossible. The difficulty in directly evaluating the entanglement 
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Fig. 27. Comparison of the polyethylene data with the rubber-like model of des Cloizeaux [56], The 
Q-values correspond to those in Fig. 26 



length is based on its very nature as a dynamic length scale which cannot be 
traced in static, structural investigations like small-angle scattering. Its observa- 
tion needed dynamic experiments covering the relevant length and time scales. 
As discussed in Section 3.3.1, an intermediate dynamic length scale is expected 
to cause systematic Q-dependent deviations from Rouse scaling because besides 
the combination Q^y^Wt, it introduces a second explicit Q-dependence into 
the dynamic structure factor S(Qd, Figures 23 (PI), 25 (PEP), and 

26 (PE) display the ‘Q-splitting’ of S(Q,t) for the three polymers discussed here 
and prove directly the microscopic existence of an intermediate dynamic length 
scale which profoundly affects the relaxation of density fluctuations. 

Table 3 summarizes the values for the entanglement lengths taken from NSE 
experiments on those polymers where from a Q-splitting in a Rouse scaling 
presentation an intermediate dynamic length scale could be directly inferred. 
Following the reptation model, they are compared with entanglement distances 
derived from rheological measurements according to Eq. (40). For all polymers 
the agreement between microscopic and macroscopic results is good. While for 
PI, PEP and PDMS the agreement is nearly quantitative, the slightly larger 
difference for PEB-2 compared to PE may be related to the residual ethyl 
branches (2 of 100 main chain bonds) which cause some extra bulkiness. 
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A comparison with the tube diameter derived from plateau moduli measure- 
ments on PEB-7 underlines this assertion. The coincidence of tube diameters 
determined macroscopically by application of the reptation model and direct 
microscopic results is far better than what could have been expected and 
strongly underlines the basic validity of the reptation approach. 

In conclusion, the segment dynamics of long entangled chains in the melt of 
several polymers by means of NSE spectroscopy was investigated. These 
measurements led to the direct observation of the mean entanglement distance 
or tube diameter in long-chain melts. This quantity is thus not only a rheological 
conceptual model, but indeed exists on the molecular scale. The values of the 
microscopically determined tube diameters are in excellent agreement with the 
entanglement distances derived from a reptation interpretation of the rheologi- 
cally determined plateau moduli. We note that this by no means trivial result 
interlinks measurements which, on the one hand, were performed on the ns scale 
(NSE) and, on the other hand, in the kHz range (rheology). 



3.4 On the Origin of Entanglement Formation 

3.4.1 Models for Entanglement Formation 

Although the entanglement distance is of fundamental significance for the 
understanding of the viscoelasticity of polymer melts, its molecular origin is little 
understood. Current models interpret it above all as a topological phenomenon 
orginating from the fact that long, linear, coiled polymer chains cannot intersect 
one another [61-73]. In such an interpretation the chain contour length density 
is a decisive parameter, whereby contour length density is understood to be the 
total chain length to be accommodated in a unit volume. Slender chains without 
side groups, such as polyethylene, have a high contour length density, whereas 
e.g. chains with voluminous side groups such as polystyrene are characterized by 
a low contour length density. 

he Scaling Approach. The dominance of the contour length density was the 
basis of a scaling approach by Graessley and Edwards [61], which we will 
discuss in the following. De Gennes [65] and others [64] suggested that the 
number of binary interchain contacts was essential for the occurrence of en- 
tanglements. Ronca [50] and others [62, 68] formulated a packing criterion to 
explain the entanglements. We will see that both concepts can be understood as 
special cases of the scaling model. The starting point of the scaling model is the 
assumption that the long-range interaction in dense polymer systems is only 
related to the linear structure of chains unable to intersect one another. The two 
parameters of the model are the contour length density (chain length per volume 
/ ) and the step length of the random walk of the chain. This so-called Kuhn 
length 






( 50 ) 
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describes the local stiffness of the polymer; the greater the characteristic ratio 
C„o, the stiffer is the chain locally. In a polymer network, the modulus reflects 
the cross-link density. In analogy to the rubber, the plateau modulus GS is 
a measure of the interaction density of the chains and should be basically 
determined by the contour length density. With the contour length density 
L/V vL (v NaP(|)/M: number of chains per volume) and L M^o/Mq 
a functional relation between the plateau modulus and the contour length 
density should hold 



gVI 

kfiT 



F{vL/i) 



(51) 



where the dimensional quantities Gn and vL were made dimensionless by 
multiplying by and dividing by keT. If we further consider that vL/k is 
proportional to the polymer volume fraction cj) and that in concentrated solu- 
tions the experimental result G^ cj)^ with a 2 holds, Eq. (51) assumes the 
form of a power law. If we use the relation of v, L, /k with molecular quantities, 
we obtain: 
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In the Doi-Edwards theory the plateau modulus and the tube diameter are 
related according to Eq. (40). Inserting Eq. (40) into (52) we finally obtain 



d^ 
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(53) 



This relation is the central result of the scaling model for the entanglement 
distance. 

In the packing model [50, 62, 68] the entanglement distance is interpreted by 
the gradual build-up of geometrical restrictions due to the existence of other 
chains in the environment or, more precisely, the entanglement distance is 
determined by a volume which must contain a defined number of different 
chains. This approach is based on the observation that, for many polymer 
chains, the product of the density of the chain sections between entanglements is 



p4>NA/Me 



(54) 



(Me : molecular mass of these entanglement strands) and the volume spanned by 
the entanglement distance is approximately a constant 
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Neglecting the influence of chain ends, Eq. (55) yields for the entanglement 
distance 



d^ 



1 




'^ 00 ^ 0 



(56) 



which is the special case of Eq. (53) for a 3. We note that, as a consequence of 
the packing criterion, the entanglement distance increases with the rising tend- 
ency of a chain to coil; coiling reduces the presence of other chains in the volume 
spanned by a chain and leads to an increase in the entanglement volume. 

A long-discussed alternative to the packing approach is the concept that 
a fixed number of binary contacts of different chains is required for an effective 
entanglement [63, 64]. This argument is again of a topological nature, based on 
the inability of chains to intersect each other. Let cpK Nap4)/MoCqo be the 
density of Kuhn segments, then the number n,, of binary contacts/volume is 
given by 

Bb (57) 



With the number of entanglement strands n^/volume, the desired number of 
binary contacts per entanglement strand becomes 



— const VoCooNe 

Be V™o/ 

As before, using Eq. (40) for the entanglement distance. 




(58) 



(59) 



is obtained. 

The binary contact model is the special case of the scaling model [Eq. (53)] 
for a 2. 

The reason why simple scaling considerations do not lead to a unique result 
for the exponent ‘a’ is due to the fact that the entanglement problem as 
a geometrical phenomenon contains two independent lengths: the lateral dis- 
tance between the chains s (L/V)“ and the step width of the random walk 

Further arguments similar to those above are therefore needed in order to 
define the exponent. 

he opological Approach. Like the scaling approach, the topological calcu- 
lations are based on the assumption that the entanglement problem is purely 
geometrical, i.e. a mathematical problem, where dynamic effects do not play 
a role. The topological calculations go beyond scaling in that the topological 
invariants of the geometrical constraints are calculated rather than conjectured 
as in the scaling arguments. As entanglements are considered to be a purely 
geometrical effect, the entanglement distance can only be a function of the two 
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length scales in the problem: the step length of the random walk of the chains 
/k and the distance between chain contours (L/V)“^^^. Using the Gaussian 
topological invariants which count the windings swept out by one curve around 
another, Edwards [65] calculated the dependence of the tube diameter on the 
chain contour density for two limiting cases. For pure random flight polymers, 



d 




1 

mo 



(60) 



is obtained. This result agrees with a scaling argument given earlier by Doi [68]. 
He argued that for a chain undergoing Gaussian statistics, with the contour 
length density being the only physical quantity, the tube diameter should obey 
a scaling law 

d ( 61 ) 



Since Gaussian statistics contain only L and in the combination 
<Re) <^kL, X has to be 1 which leads to Eq. (60). Incidentally, Eq. (60) 
corresponds to the Graessley-Edwards scaling formula for a 3 and is also 
followed by the packing models. 

The other limiting case concerns locally smooth chains. For the case of 
a Gaussian chain in a network of rods, Edwards found d (L/V)”^'^^ [66] 
which agrees with the above discussed binary contact model. Finally, consider- 
ing worm-like chain bridges the differences in the power laws between the two 
limiting cases and exponents between 1 and 1/2 may be obtained. 



3.4.2 NSE Experiments on Entanglement Formation 

An experimental test of the scaling model requires a selective variation of the 
two scaling variables of the model, i.e. the lateral chain distance and the chain 
stiffness. The Kuhn length /k depends on temperature via the characteristic 
ratio Co,; the lateral chain distance s can be varied via the volume fraction cj). 

On saturated PB (PEB-2; Mw 73 200 g/mol; Mw/M^ 1.02), the depend- 
ence on contour length density was studied by diluting the melt with the short 
oligomer n-Ci 9 D 4 o [60]. Thus, a concentration range 0.25 4* 1 was 

covered. This system was mixed with a small fraction of protonated long chains 
so that it was again possible to study the dynamic structure factor of a single 
long chain. Figure 28 shows dynamic structure factors of such diluted melts with 
different paraffin content in the scaling plot of the Rouse model. In all cases, 
Q-dependent splitting of the spectra is observed which is characteristic for the 
appearance of the intermediary length scale or the tube diameter. Even in the 
case of the sample already containing 70% paraffin, splitting is observed after 
a long common course - Rouse motion takes place here. In total, polyethylene 
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Fig. 28. NSE spectra in polyethylene melts 
at 509 K for three different polymer volume 
fractions in Rouse scaling, pper diagram 
il> 1, central diagram <I> 0.5, lower dia- 
gram <I> 0.3. The solid lines correspond to 

a fit with the Ronca model. (Reprinted with 
permission from [60]. Copyright 1993 
American Chemical Society, Washington) 



melts with seven different paraffin contents were examined. The data were 
analyzed with both the generalized Rouse model according to Ronca [50] and 
the local reptation model developed by de Gennes [53]. Figure 29 shows the 
resultant tube diameter as a function of the polymer volume fraction in a double 
logarithmic plot. First, it is to be noted that both models provide comparable 
results except for the lowest concentration. The tube diameter d follows a power 
law with d This behavior clearly differs from the prediction of the 

packing model Eq. (50) d 4* ”^ is close to the prediction of the binary 
contact model predicting d cj) ~ . The value of the exponent a 2.2 is also in 

good agreement with typical rheological results in concentrated polymer solu- 
tions. 

Boothroyd et al. [74] recently determined the temperature dependence of the 
Kuhn length for polyethylene with the aid of small-angle neutron scattering. In 
the temperature range between 100 and 200 °C, dlnC„o/dT 1.1 x 10“^ 
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Fig. 29. Double logarithmic representation of the entanglement distance in polyethylene at 509 K as 
a function of the polymer volume fraction (Reprinted with permission from [60], Copyright 1993 
American Chemical Society, Washington) 



is obtained for the temperature coefficient. Consequently, /k can be varied by 
about 20% over an experimentally accessible temperature range of 150°C. 

In the temperature range between 400 and 550 K, NSE spectra on the same 
undiluted polyethylene melt were recorded. These data were analyzed with 
respect to the entanglement distance. The result for the temperature-dependent 
entanglement distance d(T) is shown in Fig. 30. An increase in the tube diameter 
from about 38 to 44 A with rising temperature is found. 

Since both the temperature dependence of the characteristic ratio and that of 
the density are known, the prediction of the scaling model for the temperature 
dependence of the tube diameter can be calculated using Eq. (53); the exponent 
a 2.2 is known from the measurement of the (j)-dependence. The solid line in 
Fig. 30 represents this prediction. The predicted temperature coefficient 
0.67 + 0.1 X 10”^ differs from the measured value of 1.2 + 0.1 x 10”^ K“^. 
The discrepancy between the two values appears to be beyond the error bounds. 
Apparently, the scaling model, which covers only geometrical relations, is not in 
a position to simultaneously describe the dependences of the entanglement 
distance on the volume fraction or the flexibility. This may suggest that collec- 
tive dynamic processes could also be responsible for the formation of the 
localization tube in addition to the purely geometric interactions. 
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Fig. 30. Temperature dependence of the entanglement distance for polyethylene. • <I> 1; o <1) 0.5. 

The dotted lines give a best fit for the data. The solid line represents the prediction by the scaling 
model of Graessley and Edwards (see text). (Reprinted with permission from [60]. Copyright 1993 
American Chemical Society, Washington) 



Finally, a further unsolved problem should be mentioned. If we compare 
the plateau moduli of different polymer melts and relate them to the Kuhn 
length and to the density, this relation can also be adequately described 
with the scaling model, if an exponent ‘a’ near 3 is chosen [73]. It is not 
known why this exponent is different if the contour length density is varied 
by dilution in concentrated solution or by selecting polymer chains of different 
volume. 

In conclusion, scaling models link the formation of entanglements with 
geometric interactions between long polymer chains which cannot intersect one 
another. With the aid of a variation in temperature and concentration it was 
possible to vary the two parameters of the scaling model, the lateral chain 
distance s and the Kuhn length /k- The concentration-dependent measurements 
are in agreement with the binary contact model and contradict the packing 
model which, on the other hand, adequately describes the comparison of 
different polymer melts. The common dependence of the entanglement distance 
on the Kuhn length and the lateral chain distance leads to discrepancies from 
the scaling model. 
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4 Polymer Networks 



4. 1 Theoretical Outline - Dynamics of Junctions and Trapped 
Linear Chains 



The macroscopic long-time behavior of dense polymer liquids exhibits drastic 
changes if permanent cross-links are introduced in the system [75-77]. Due to 
the presence of junctions the flow properties are suppressed and the viscoelastic 
liquid is transformed into a viscoelastic solid. This is contrary to the short-time 
behavior, which appears very similar in non-cross-linked and crosslinked 
polymer systems. 

According to the importance of the cross-links, various models have been 
used to develop a microscopic theory of rubber elasticity [78-83]. These models 
mainly differ with respect to the space accessible for the junctions to ffuctuate 
around their average positions. Maximum spatial freedom is warranted in the 
so-called phantom network model [78,79,83]. Here, freely intersecting chains 
and forces acting only on pairs of junctions are assumed. Under stress the 
average positions of the junctions are affinely deformed without changing the 
extent of the spatial fluctuations. The width of their Gaussian distribution is 
predicted to be 



<d=> (62) 

where f is the functionality of the network and <Re > the mean square end-to-end 
distance between topologically neighboring cross-links. 

Assuming that the average positions of the junctions are uncorrelated and 
that Rouse dynamics prevail on short-time scales, the scattering function of the 
cross-links can be approximated by [84]. 
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According to Warner [85], Q(Q) is related to the characteristic frequency Qr(Q) 
of linear chains [see Eq. (22)] by 



Q(Q) ^ Qr(Q) 
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which is the Fourier transform of exp{ r^/<d^>}, results from the fact that 
there is a finite probability to find the junction at a position r close to its initial 
position, even at long times. In the language of quasi-elastic neutron scattering, 
this contribution is called elastic incoherent structure factor (EISF) [29]. It 
should be mentioned that the scattering of the cross-links, although being 
coherent, can be described by the incoherent dynamic structure factor, as long as 
their positions and dynamics are uncorrelated. 

If long linear polymer chains are trapped in a network of strands, which are 
chemically identical to the unattached chains, the question arises whether the 
junctions as permanent entanglement induce a similar relaxation as the non- 
permanent entanglements in melts of corresponding long linear homopolymer 
chains. In principle with these systems it is easy to vary the distance between 
topologically neighbored entanglements to a larger extent and to analyze the 
chain dynamics as a function of this parameter. 



4.2 NSE Results from Polymer Networks 

Dynamics of Junctions 

NSE measurements on the junction dynamics were performed on four-func- 
tional PDMS model networks at T 373 K [84]. They were prepared by 
end-linking deuterated bifunctional precursor PDMS chains (Mw 
5500 g/mol, Mw/M„ 1.8) with four-functional protonated cross-links, each of 
them containing 22 protons. For comparison, a melt of the corresponding 
end-labelled precursor polymers was also investigated. In order to look for 
correlations between the cross-links, SANS experiments were carried out, too. 
In the Q-range 0.001 Q 0.3 A“\ the intensity profile exhibits nearly no 
Q-dependence. A slight decay towards larger Q is probably due to the form 
factor of the individual cross-links which have a radius of gyration of about 
10 A. Since correlations between dilferent cross-links were not observed, their 
scattering can be treated as originating from a single junction, and it reveals the 
self-correlation function of the cross-links. 

The mesh size was determined from an equivalent network, prepared from 
a mixture of protonated and deuterated precursors. The radius of gyration of the 
mesh strands was found to be 25 A, which is identical to the radius of gyration of 
the uncross-linked precursors. 

Figure 31 compares the dynamic structure factors obtained from the cross- 
links and the chain ends for two dilferent Q-values. Without any analysis 
a strong reduction of the cross-link mobility compared to that of the chain end is 
obvious. A closer inspection also shows that the line-shape of both curves differs. 
While S(Q, t)/S(Q, 0) from the chain end decays continuously, S(Q, t) from the 
cross-links appears to decay faster at shorter than at longer times. This dilfer- 
ence in line shape is quantified via the line shape parameter p. For the end- 
labelled chains, P is in close agreement with the p 1/2 prediction of the 
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Fig. 31. NSE spectra of linear end-labelled PDMS chains (M„ 5500 g/mol) and of four-functional 

cross-links at T 373 K. The solid lines are visual aids. (Reprinted with permission from [84], 
Copyright 1988 The American Physical Society, Maryland) 



self-correlation function of a Rouse chain [see Eq. (21)]. The experimentally 
determined 3.2 10^^ A‘^s“^ exceeds the corresponding value of linear 

PDMS chains, for which 1.7 10^^ A"^s~^ is measured, by a factor of 

nearly two, as expected from Eq. (64). The observation of an initially faster 
decaying relaxation curve for the cross-links translates into a smaller exponent 
P with a mean value of 0.40 + 0.04. 

Figure 32 presents the ht of Eq. (63) to the cross-link data. The shaded area 
displays the constant EISF contribution to S(Q,t). A combined fit to all spectra 
yields 0.84 10^^ A‘^s“^ and 24.5 + 1.5 A. Displayed are fits to 

single spectra with the rate fixed to the value obtained from the joint fit. The 
obtained <d^>^^^-values vary between 22.6 and 28.1 A and demonstrate the 
consistency of the description. The obtained Rouse parameter amounts to 
nearly exactly half the value of the high molecular mass melt of linear PDMS 
chains in very good agreement with the prediction of a 2/f reduction [see 
Eq. (64)]. 

These measurements for the first time allowed experimental access to the 
microscopic extent of cross-link fluctuations. The observed range of fluctuation 
is smaller than predicted by the phantom network model, for which 
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Fig. 32. NSE spectra of labelled cross-links in a four-functional PDMS network at four different 
Q-values. Included is a common fit with Eq. (63). The shaded area displays the time independent 
EISF part in the spectra. Note that the spectra do not approach 1 for t 0. This is related to a fast 
relaxation process of the deuterated network strands which has not been substracted. (Reprinted 
with permission from [84]. Copyright 1988 The American Physical Society, Maryland) 



37.5 A is expected on the basis of Eq. (62), when <Re> is replaced by 
6<Rg> and 25 A is used. These deviations suggest that in a real 

network additional constraints are active, which reduce the range of fluctuations 
below the phantom network prediction. 

A model, which accounts for this effect, is the junction constraint model of 
Flory [86]. Starting from the phantom network an additional parameter k 

R f^phantom/f^obs 1 (66) 

is introduced to represent the degree of constraints operating on the junctions 
[87]. K is assumed to be proportional to the number of junctions in the volume 
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pervaded by a network chain and can be expressed in terms of molecular 
parameters as [88]. 

K (67) 

(Ms, Mo molecular mass per strand and monomer, respectively). 

Whereas k 1.3 is derived from the above-presented NSE data, k 2.75 is 
expected for a four-functional PDMS network of Ms 5500 g/mol on the basis 
of Eq. (67). Similar discrepancies were observed for a PDMS network under 
uniaxial deformation [88]. However, in reality this discrepancy may be smaller, 
since Eq. (67) provides the upper limit for k, calculated under the assumption 
that the network is not swollen during the cross-linking process due to unreac- 
ted, extractable material. Regardless of this uncertainty, the NSE data indicate 
that the experimentally observed fluctuation range of the cross-links is under- 
estimated by the junction constraint and overestimated by the phantom 
network model [89]. 



Linear Chains Trapped in Networks 

The influence of the network junctions on the dynamics of high molecular mass 
linear PDMS chains (Mw 10000 g/mol) was studied on two different PDMS 
model networks with mesh sizes corresponding to Mw 5500 and 2700 g/mol, 
respectively. For comparison, a melt and a concentrated solution (c 0.6) of 
corresponding linear PDMS chains were also investigated [84]. All measure- 
ments were performed at T 313 K, using the NSE spectrometer IN 11 with 
a time window limited to 12 ns. The line-shape parameters (3, as derived from the 
different samples, have a value of 0.5 within experimental error, indicating that 
Rouse dynamics prevail in the time regime experimentally probed. In Fig. 33 the 
corresponding characteristic frequencies Qr(Q) are plotted vs. Q on a double 
logarithmic scale. They were determined by fitting the coherent scattering 
function of the Rouse model (see Table 1) to the respective spectra. The solid 
lines display the Qr(Q) ~ scaling law of the Rouse model. In all cases this 
relationship is followed very closely by the data. One realizes further that with 
increasing constraints the curves are shifted towards lower rates, indicating 
a reduction of the Rouse parameter with increasing hindrance. Going from the 
concentrated solution to the trapped chain in a network with only about 40 
monomers between cross-links, the entanglement distance is changed by a factor 
2.5 and brought into the Q-range of the experimental setup. Despite this 
important change in the constraints acting on a chain, the experimental data do 
not change their characteristics either with respect to the line shape or with 
respect to the Q-scaling of the characteristic frequency on this limited time scale. 
While the difference between the melt and the concentrated solution is easily 
attributed to a changing segmental friction coefficient, reduced to the addition of 
solvent, the difference between both network systems is quite unexpected, since 
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Fig. 33. Characteristic frequen- 
cies for the concentrated solu- 
tion, the PDMS melt and 
trapped chains. The solid lines 
display the Qr ~ Q"* scaling 
law. (Reprinted with permission 
from [13]. Copyright 1988 
Mansgaard International Pub- 
lishers Ltd., Copenhagen) 



the friction coefficient as a local property should not change on corresponding 
melt and network systems. 



5 Polymer Dynamics in the Presence of a Solvent 

The dynamics of polymer solution is governed by the hydrodynamic interaction 
between moving segments mediated by the solvent [90,91]. This interaction is 
long range and couples the motions of the different segments strongly. In this 
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section we discuss first the impact of this hydrodynamic interaction in terms of 
the so-called Zimm model [7] which generalized the Rouse model for the 
presence of hydrodynamic coupling and then calculate the dynamic structure 
factor for this model. Thereafter experimental results on dilute polymer solu- 
tions are presented, addressing the case of good and © solvents as well as the 
crossover between both conditions. 

Next, we consider dilute solutions of non-linear polymers and report on the 
dynamics of ring- and star-shaped macromolecules. Then we move to semi- 
dilute solutions, where interaction effects between chains become important, 
giving rise to collective dynamics of the many chain systems. For linear 
homopolymers the crossover properties from the single to collective are 
discussed in particular. Considering the dynamics of single chains within a semi- 
dilute solution, with rising concentration the hydrodynamic interactions be- 
come increasingly screened, driving a transition from Zimm dynamics at smaller 
scales to Rouse dynamics at larger scales. Experimental results indicate a further 
so-called intermediate Zimm regime. Finally, we turn again from linear 
homopolymers to polymers with different architectures and review the results 
on semi-dilute solution of star-shaped and linear block copolymers which reveal 
a breathing mode of the two blocks moving with respect to one another. 



5 . 1 Dilute Solution of Linear Polymers 

5.1.1 Theoretical Outline — The Zimm Model 



In addition to the influence of entropic forces treated in the Rouse model (Sect. 
3.1), we now consider hydrodynamic interactions between different segments 
which are immersed in a solvent. A segment moving relative to the surrounding 
solvent generates a flow field which influences the movement of all other 
segments. With the aid of the ©seen tensor _ it is possible to specify which 
velocity is generated in a liquid at location r if the force F acts on a volume 
element at the origin 



v(r) TF 

with 



87rr|,|r„ 



L © fn 



m 



( 68 ) 



(69) 



where, r„,„ r„ r^, E is the identity matrix, © the outer product and the 
viscosity of the solvent. For illustration. Fig. 34 presents schematically the flow 
field resulting from a force in the y-direction. 

In the equation of motion (13), the friction force with the solvent 



Fn Cv(r„) 



(70) 
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‘ \ t / ' 

Fig. 34. Schematic two-dimensional repres- 
entation of the flow field which is generated by 
a force at the origin in the y-direction. The 
arrow length and directions symbolize the vel- 
ocities of the solvent. (Reprinted with per- 
mission from [14], Copyright 1992 Kluwer 
Academic Publishers, Dordrecht) 
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is now added to the entropic force. The flow field v(r„) is the result of all forces 
exercised on the solvent by all other segments 



v(r„) X f„,{t) 



We can take the Rouse term 1/^ke S^r^/dm^ (k^ SksT//^): entropic spring 

constant) into consideration formally, if we define the element of the Oseen 
tensor as T„m E/^. The equation of motion (13) thus becomes 



^ V T k - 

>, /, _i_nm ^ 2 

it „ “ \ om 



Equation (72) is a coupled non-linear differential equation which is difficult to 
handle. We therefore consider a number of approximations. 

1. We average Eq. (69) over all possible orientations 






hurislrn fn 



2. For small deviations from equilibrium, we average |r r,„r^ by the statist- 
ical segment distribution. For a Gaussian chain which is realized under 
©-conditions we obtain 



<T„,„>eq E j drdTir^ 



2Tr|n m\f‘ 



2|n m|/^/6Trqsr 



67i^|n 
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With the aid of these approximations, (72) is linearized 



8r„(t) 

0t 



W 



8rn(t) 

0n^ 



f„(t) W B X 



m 



1/2 




(75) 



where W is the elementary relaxation rate of the Rouse process [see Eq. (16)] 
and 



B 



^ 

6l/2j^3/2 



{ 16 ) 



the draining parameter, by which the strength of hydrodynamic interaction is 
taken into account. B 0 is the Rouse limit, where no hydrodynamic interac- 
tion is present; whereas B 0.4 is the Zimm limit, where hydrodynamic interac- 
tion is dominant. 

The long-range coupling via the flow field which only decreases with 1/r 
leads to a qualitatively different behavior from that of the Rouse model. 
Equation (75) is approximately solved by transformation to Rouse normal 
coordinates. Its solution [6,91] leads to the spectrum of relaxation rates 



1 



W 1 




4B X 

s = 1 



- 1/2 

s ' cos— - 
N 



P 1,2, ,N (77) 



with s I n m I . 

Restricting the low frequency part of the spectrum, which occurs for p N, 
this result simplifies to 



1 





P 1,2, ,N 



(78) 



Although at first sight the approximations used to derive (72) seem to be very 
rough, detailed calculations nevertheless show that the results deviate only very 
slightly from the exact solutions [93, 94]. 

In contrast to the Rouse modes, which have the dispersion 1 “ ^ ~ p^, the 
pure Zimm modes (B 0 and B,y2N/p 1) lead to 




with 



(79) 






0.325 



flsRe 

EbT 



(80) 



In addition, analogously to (20), for t the mean square displacement of 
a diffusing polymer segment becomes 



Ar 



2 

nn 



16 1 



tiErT 



2/3 



(81) 
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Table 4. Assertions of the Zimm and Rouse model on molecular dynamics 



Property Zimm 



Center of mass diffusion coefficient 
Longest relaxation time 
Eigenvalue spectra 

Segmental mean square displacement 
Parameter 



0.196- 



keT 

BsRc 



i:z 



0.325 



n.Re 

EbT 



1 




16 Y'^ 

T|s J 






Rouse 



Ni; 

<;rj 

3tAbT7^ 




\ 1/2 
V 



1 



Moreover, the center of mass diffusion is given by 



D 



Z 



SkeT 

3(6jr^)^/^r|yyN 



0.196 



keT 

ffsRe 



(82) 



In fact, the diffusion constant in solutions has the form of an Einstein diffusion of 
hard spheres with radius Rg. For a diffusing chain the solvent within the coil 
is apparently also set in motion and does not contribute to the friction. Thus, the 
long-range hydrodynamic interactions lead, in comparison to the Rouse model, 
to qualitatively different results for both the center-of-mass diffusion — which is 
not proportional to the number of monomers exerting friction - as well as for 
the segment diffusion - which is considerably accelerated and follows a modified 
time law <Ar^> t^^^ instead of t^^^. 

The equations of motion (75) can also be solved for polymers in good 
solvents. Averaging the Oseen tensor over the equilibrium segment distribution 
then gives <l/r„ r,„> l/|n m|''/;T”^ wd hgT/q^N^^ are 

obtained for the relaxation times and the diffusion constant. The same relations 
as (80) and (82) follow as a function of the end-to-end distance with slightly 
altered numerical factors. In the same way, a solution of equations of motion 
(75), without any orientational averaging of the hydrodynamic field, merely 
leads to slightly modified numerical factors [35]. In conclusion. Table 4 sum- 
marizes the essential assertions for the Zimm and Rouse model and compares 
them. 



Dynamic Structure Factors for the Zimm Model 

As in the case of the Rouse dynamics (see Sect. 3.1.1), the intermediate incoher- 
ent scattering law for dominant hydrodynamic interaction (Zimm model) can be 
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obtained directly from Eqs. (4b) and (81) 
Si„,(Q,t) 

S-(Q:0) 97k 



f^z(Q) ^ — Q' (84) 

18 6ti rjs 

the related characteristic frequency. 

Comparing Eqs. (83), (84) and Eqs. (21), (22) it follows immediately that 
Rouse and Zimm relaxation result in completely different incoherent quasi- 
elastic scattering. These differences are revealed in the line shape of the dynamic 
structure factor or in the (l-parameter if Eq. (23) is applied, as well as in the 
structure and Q-dependence of the characteristic frequency. In the case of 
dominant hydrodynamic interaction, Q(Q) depends on the viscosity of the pure 
solvent, but on no molecular parameters and varies with the third power of Q, 
whereas with failing hydrodynamic interaction it is determined by the inverse 
of the friction per mean square segment length and varies with the fourth power 
of Q. 

The coherent structure factor of the Zimm model can be calculated [34] 
following the lines outlined in detail in connection with the Rouse model. As the 
incoherent structure factor (83), it is also a function of the scaling variable 
(Qz(Q)t)^^^ and has the form 

12 “ 

7^272 |duexp{ u (Qzt)^^^g(u(Qzt)^^^)} (85) 

V ^ 0 



g(y) -Jdx^(^^(l exp( 2 



From Fig. 35, where the normalized coherent scattering laws S(Q,t)/S(Q, 0) are 
plotted as a function of Q(Q)t for Zimm as well as for Rouse relaxation, one sees 
that hydrodynamic interaction results in a much faster decay of the dynamic 
structure factor. 

The long-time behavior (Q(Q)t) 1 of the coherent dynamic structure 

factors for both relaxations shows the same time dependence as the correspond- 
ing incoherent ones 

S(Q,t) J 2 J , 07 ^ 

— exp| (87) 

for the Rouse relaxation and 



for the Zimm relaxation, where F(x) is the F-function. 
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Fig. 35. Dynamic structure factors S(Q,t)/S(Q, 0) as dependent on Qt for the Rouse and the Zimm 
model 



For the case that both Rouse and Zimm relaxation are present, the coherent 
dynamic structure factor is also available [40]. For completeness, its analytical 
representation is included in Table 1. 



Initial Slope or First Cumulant 



More general access to the coherent dynamic structure factor was provided by 
Akcasu and coworkers [93-95], starting from the assumption that the temporal 
evolution of the densities in Fourier space p(Q, t) 

p(Q,t) Xexp{iQlj{t)}, (89) 

j 

being related to the coherent dynamic structure factor by 

S(Q,t) <p(Q,t)p*(Q,0)>, (90) 

is governed by an equation of the form 



8p(Q,t) 

0t 



Lp(Q,t) 



(91) 



where L is a real, linear and time-independent operator acting on the position 
vectors rj(t) of all monomers. (By * the complex conjugated and by < > the 

thermal average are indicated.) Making use of the Zwanzig-Mori projection 
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operator formalism [96, 97], the following exact equation for p(Q, t), often 
referred to as the “generalized Langevin equation” is derived from (91) 


f^(Q)p{q,t) j duK(Q,t u)p(Q,t) 


f(Q,t) (92) 


where f(Q, t) is the stochastic force. 




^ <p(Q,0)Lp*(Q,0)> 

<p(Q,0)p*(Q,0)> 


(93) 


the characteristic frequency in Fourier space and K(Q,t) a memory kernel 
accounting for the non-Markovian nature of the time dependence of S(Q, t). It 
should be pointed out that only static properties enter the calculation of Q(Q), 
which can also be written in terms of a generalized mobility p(Q) as [98] 


k.TQV(Q) 

S(Q,0) 


(94) 


In the case of dilute polymer solutions, L is conventionally taken to be the 
Kirkwood-Riseman diffusion operator [99]. As a consequence, the generalized 
mobility p(Q) 


h(Q) ^^<p(Q,0)Lp*(Q,0)> 


(95) 


can be expressed in terms of the Oseen diffusion tensor 




P(Q) . Z <QDjkQexp{ iQrjK}> 

j,K 


(96) 


with 




2jK §jK (1 §jk)IjK 


(97) 


where Tjk is given by (69). 

Due to the tensor character of D jk the thermal average is Eq. (96) leads to 
bulky expressions. Flowever, it was shown [100] that (96) can be approximated 
at high accuracy by double sums of pre-averaged terms 


P^kCP) 7;^<QDjKQ><exp{iQrjK}> 

V 1 


(98) 


and correction terms Apjk(Q). 
Thus, finally 




^jS(Q" u")i/^du 


(99) 
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and 

q2 00 ^ 

Ad(Q) ^ [S{0.72Qy/^ S{0.72Q" u")i/"]du (100) 

dUTI Tjg Q U 

are obtained. 

Since the random forces f(Q, t) at time t are not correlated with the densities 
p(Q, t') at t t', the time evolution of the dynamic structure factor (90) follows 
immediately from (92) as 

0S1O tl ’ 

— ^ Q(Q)S(Q,t) jduK(Q,t u)S(Q,u) (101) 

If all memory effects are neglected, the solution of (101) is 

S(Q,t) S(Q,0)exp {Q(Q)t} (102) 

and Q(Q) turns out to be the initial slope or first cumulant of S(Q,t) 

Q(Q) lim^lnS(Q,t) (103) 

Besides the fact that the prediction of Q(Q) does not require detailed knowledge 
of the coherent dynamic structure factor S(Q, t)/S(Q, 0), its calculation is neither 
restricted to the intermediate Q-range (RgQ 1; (fQ 1) (see Fig. 36) nor to 



Q/ ] = FUNCTION OF (Ql, , N) 




Fig. 36a-c. Plot of n/(Q^(kBT/i;)) vs. Q/ for N 10^. a ^/u/ 3ti/2; b 3tc; c 6n. 

(Reprinted with permission from [93], Copyright 1976 J Wiley and Sons, New York) 
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©-conditions. «Rg> is the mean square radius of gyration and Rg stands for 
<Rg In addition, it also works with a non-preaveraged ©seen tensor and is 
applicable to systems with finite chain length and chain-length distributions 
[ 100 ], 

The application of Eq. (94) is very simple for Rouse relaxation. According to 
(96) and (97), p(Q) N/i^ results. Due to the local character of friction, the 
mobility does not depend on Q. For QRg 1, where S(Q, 0) is valid, 
f^(Q) kBTQ^(NQ the well-known center of mass diffusion behavior is ob- 
tained. In contrast, for QRg 1 and Q/ 1, where the internal modes are 
probed, S(Q,0) is approximated by 2N/(Q/)^, and Q(Q) Qr keT/^Q"^/ 
(12Q [see Eq. (22)] is derived. 

In the case of Zimm dynamics the mobility is non-local due to the long-range 
hydrodynamic interactions. Being interested in the internal modes of ©-systems, 
pP'^‘=(Q) kBT/(37iq,QRg^) results from Eq. (99) if S(Q,0) 12N/(Q/)^ is used. 

Thus, Q(Q) Dz(Q) kBTQ^/(67iqs) [see Eq. (84)] is confirmed. If the ©seen 
tensor is not pre-averaged, the prefactor I/(6 ti) 0.053 has to be replaced by 

0.063 [93,94]. 

Under good solvent conditions, where the asymptotic behavior of S(Q, 0) ~ 
Q~ with V 2/3 is valid in the regime QRg 1, and Q^ 1, Eq. (94) leads to 
f^(Q) ~ (kBT/r|)Q^, too. However, the prefactors are larger than for ©-condi- 
tions and have values of 0.071 and 0.079 for preaveraged and non-preaveraged 
©seen tensors, respectively [100]. 



Scaling Analysis 

Special theoretical insight into the internal relaxation behavior of polymers can 
also be provided on the basis of dynamic scaling laws [4, 5]. The predictions are, 
however, limited since only general functional relations without the correspond- 
ing numerical prefactors are obtained. 

Within the scaling concept the answer to the question, how physical proper- 
ties alter with changes in scale, is of fundamental importance. For example. 
Fig. 37 shows two polymer chains which result from another altering of the scale 
(here, number of segments N) by a factor X 2. Then the following transforma- 
tion rules are valid for the monomer concentration c and the segment length 
/[5] 

N N/;^ 
c c/X 

X /r (104) 

The final rule follows from the transformational invariance of the mean squared 
end-to-end distance <Re> (v Flory exponent). As a hypothesis it is 
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(b) 



Fig. 37a, b. Two chains which result from each other by changing the segmental length scale by 
a factor A, 2. a initial chain; b chain with altered scale. 



assumed that each further physical quantity A, whether static or dynamic, is 
transformed by 

A(Xx) ?tPA(x) (105) 

Transformational invariant quantities lead to p 0. 

On the basis of scaling arguments, general functional dependencies can also 
be derived. For example, dimensional analysis shows that the center of mass 
diffusion coefficient Dq for Zimm relaxation has the form 



Do — f(N) (106) 

Since Dq has to be invariant under scaling transformations 

^f(N) -^f(NA) (107) 

is true for arbitrary X only for 

f(N)~N“'' (108) 

This leads to Dq ~ kBT/(psRe) (see Table 4). 

To guarantee the transformational invariance of Dq kBT/(NQ (see 
Table 4) in the case of Rouse relaxation, the replacement of N by N/k requires 
the simultaneous replacement of the segmental friction coefficient by ^ k which 
is natural, since friction is proportional to the number of segments involved. 

Within the framework of the Rouse model the characteristic frequency for 
the center of mass diffusion follows the equation 



kT 

NC 



Q" 



Q(Q) 



(109) 
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In order to include the internal diffusion, one has to start from 

f^R(Q) ^Q"f(QRe) (110) 

where f(Q, Rg) is the scaling function which usually is a power of the scaling 
variable. The exponent x follows from the requirement that for QRg 1, 
Eq. (110) has to be identical to Eq. (109) and that for QRg 1, Eq. (110) has 
to be independent of the chain length or the number of segments N. This leads 
to X 0 in the case of center of mass diffusion and x 2 and Qr(Q) 
(kgT/^/QQ'^ [see Eq. (22)] in case of segmental diffusion. 

For the Zimm model, the approach and argumentation are quite similar: 

k TO^ 

^(Q<nt ,1111 

Vd 3/5 for good solvent conditions. Thus, 
X has been set to 0 and 1 in the regimes QRg 1 and QRg 1, respectively. 
With respect to the segmental diffusion this leads to Qz (ksT/riJQ^ in the 
case of 0- [see Eq. (84)] as well as of good solvent conditions. 



with V Vd 1/2 for 0- and v 



Crossover from 0- to Good Solvent Conditions 



Based on the analogy between polymer solutions and magnetic systems [4, 101], 
static scaling considerations were also applied to develop a phase diagram, 
where the reduced temperature i (T 0)/0 (0: 0 -temperature) and the 
monomer concentration c enter as variables [102, 103]. This phase diagram 
covers 0- and good solvent conditions for dilute and semi-dilute solutions. The 
latter will be treated in detail below. 

The relevant part of the phase diagram (i 0) is shown in Fig. 38. The 
c-T-plane is divided into four areas. The dilute regime T and 1 are separated from 
the semi-dilute regimes III and II, where the different polymer coils interpene- 
trate each other, by the so-called overlap concentration 



c* 



M 

Nl<Rf>^ 



( 112 ) 



(M: molar mass), where T and 111 are the tricritical or 0-regions. Here, the chain 
molecules exhibit an unperturbed random coil confirmation. In contrast, I and 
II are the critical or good solvent regimes, which are characterized by structural 
fluctuations in direction of an expanded coil conformation. According to the 
underlying concept of critical phenomena, the phase boundaries have to be 
considered as a continuous crossover and not as discontinuous transitions. 

The above-mentioned conformational fluctuations can be easily understood 
on the basis of the “blob” model [104-109]. For example, this is illustrated for 
the transition from 1 to T. Within the chain swollen by excluded-volume 
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Fig. 38. Temperature concentration diagram for polymer solutions [102, 103], X (T 0)/0; (0: 
0-temperature, c monomer concentration (see Table 5) 



interactions, blobs of Gaussian conformation are formed when approaching the 
regime 1'. The blob size or correlation length ^ scales with x“ At the borderline 
between I and T, ^ becomes equal to Rg, and the whole chain exhibits an 
unperturbed random walk conformation. 

With respect to the scattering behavior at 1, the domains of Gaussian 
conformation and in the opposite case (Q^ 1) the domains of swollen chain 

conformation are probed. The crossover between both regimes is expected to 
occur at Q* 1/^. 

In Table 5, some scaling predictions for <Rg> are summarized, which 
meanwhile have been confirmed by elastic small-angle neutron scattering 
[104, 107-109]. 

Similar to the case of good solvent conditions, the complete coherent 
dynamic structure factor S(Q,t) is not available in the transition range of the 
regimes 1 and T. However, the crossover behavior becomes accessible via the 
initial slope as a function of Q and i [105]. Typical results of this treatment are 
shown in Fig. 39, where 

T q,{0) Qz(Q,t) 



f^red(QA) 



0 q,{T) Qz(Q,0) 



(113) 
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Table 5. Scaling predictions for the mean 
square radius of gyration <Rg) and the mean 
square correlation lengths in the different 
regimes (see Fig. 38) of polymer solutions 
[102-104] 



Regime 


<R.^> 




r 


N 




I 




x-^ 


II 


Nc-i/*x‘'* 




III 


N 


c-^ 




Fig. 39. Crossover from 0- to good 
solvent conditions in dilute solutions. 
Calculated characteristic frequencies, 
normalized to ©-conditions, as depen- 
dent on reduced temperature for two 
different chain lengths N at various 
values of (Q/). To the right of each 
curve the increase in (q, x) be- 
tween X 0 and x 0.9 is given 



is plotted vs. i for two different chain lengths and pre-averaged Oseen tensor. 

This plot shows that: 

1. For large numbers of segments N and small values Q/, a sharp crossover 
from 0- to good solvent conditions occurs; 

2. For a given chain length, the sharpness of the crossover as well as the increase 
in Qged(Q, t) are diminished with increasing (Q/)-values; 

3. The reduction of N reduces considerably the increase in Q^edCQ, t) and 
smears out the sharpness of the transition; 
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4. Effects resulting from the violation of the conditions N oo and Q/ 1, 
which were used to discuss (see above) the Q-dependence and the prefactors 
of the characteristic frequencies in the limits of 0- and good solvent states. 

Despite the problems due to non-asymptotic conditions, the relation 
^(t) 1/Q* ~ 1/t is regained from the curves of Fig. 39 with reasonable 

accuracy. 



5.1.2 NSE Results from Dilute Solutions of Linear Polymers 
©-Conditions 

NSE investigations on the segmental diffusion of chain molecules in dilute 
solutions under ©-conditions have been performed on three systems [12,40, 
110] (see Table 6). In Fig. 40a, typical spectra obtained from poly(dimethyl- 
siloxane) (PDMS) in d-bromobenzene at T 357 K are shown together with 
the outcome of fitting the scattering law of the Zimm model (see Table 1) 
simultaneously to all spectra. If the numerical prefactor in Eq. (84) for Qz(Q) is 
used as an adjustable parameter in the fitting procedure, an excellent agreement 
between the experimental findings and the theoretical predictions has to be 
stated. Thus, it is not surprising that in a scaling representation, where 
S(Q, t)/S(Q,0) is plotted vs. the scaling variable (Qz(Q)t)^^^, the data follow 
a master curve (see Fig. 40b). If the scattering law of the Zimm model is fitted to 
the spectra at different Q- values, the characteristic frequencies Qz(Q) are found 
to obey the predicted Q^-behavior (see Fig. 41). A common fit, where the power 
of Q was introduced as a second adjustable parameter in a “Zimm-like” 
theoretical scattering law, gives Q(Q) ~ h On the other hand, the 

corresponding asymptotic limit of the scattering law of the Zimm model [Eq. 
(88)] does not fit the experimental data, although with increasing Q-values 
a gradual tendency towards the long-time limit is observable [110]. Concerning 
the line shape and the Q dependence of the characteristic frequencies, a similar 
good agreement between the experimental spectra and the predictions of the 
Zimm model are also found for poly(styrene) PS in two different ©-solvents. 
Furthermore, in the case of PS/d-cyclohexane the transition from Q(Q) ~ to 
Q(Q) ~ becomes visible in the Q-range of observation 0.02 Q/A“ ^ 0.14 



► 

Fig. 40a, b. NSE spectra of a dilute solution under 6-conditions (PDMS/d-bromobenzene, 
T 0 357 K). a S(Q, t)/S(Q,0) vs time t; b S(Q,t)/S(Q, 0) as a function of the Zimm scaling 

variable (n(Q)t)^'^. The solid lines result from fitting the dynamic structure factor of the Zimm 
model (s. Tablel) simultaneously to all experimental data using T/r|s as adjustable parameter. 
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Fig. 41. n(Q)/Q^ vs. Q for different dilute solutions under 0-conditions • PDMS/d-bromo- 
benzene, T 357 K; x PS/d-methylcyclohexane T 341 K; O PS/d-cyclohexane T 311 K 



Table 6. NSE results from dilute 0-solutions 





T/K 


fJcxp(Q)/a(Q) 


PDMS/d-bromobenzene 


357 


0.87 


PS/d-methylcyclohexane 


341 


0.43 


PS/d-cyclohexane 


311 


0.50 
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at larger Q (see Fig. 41). For all three systems the absolute values of Qz(Q)/Q^ 
are smaller than expected from the theory (see Table 6), even if the theoretical 
f^z(Q) is calculated on the basis of the pre-averaged Oseen tensor. The discrep- 
ancies are much more drastic for PS ( ~ 50-60%) than for PDMS (14%). The 
reasons for these deviations are not clear. 

Obviously, in the case of PS these discrepancies are more and more reduced 
if the probed dimensions, characterized by InjQ, are enlarged from microscopic 
to macroscopic scales. Using extremely high molecular masses the internal 
modes can also be studied by photon correlation spectroscopy [111,112]. 
Corresponding measurements show that - at two orders of magnitude smaller 
Q-values than those tested with NSE - the line shape of the spectra is also well 
described by the dynamic structure factor of the Zimm model (see Table 1). The 
characteristic frequencies Qz(Q) also vary with Q^. Flowever, their absolute 
values are only 10-15% below the prediction. 

In the case of dynamic mechanical relaxation the Zimm model leads to 
a specific frequency (®) dependence of the storage [G'(®)] and loss [G"(®)] part 
of the intrinsic shear modulus [G*(®)] [1]. The smallest relaxation rate l/i^ [see 
Eq. (80)], which determines the position of the log[G'(®)] and log[G"(®)] 
curves on the logarithmic ro-scale relates to Qz(Q), if ReAz is compared with 
Q(Q)/Q^. The experimental results from dilute PDMS and PS solutions under 
©-conditions [113, 114] fit perfectly to the theoretically predicted line shape of 
the components of the modulus. In addition 1/iz is in complete agreement with 
the theoretical prediction based on the pre-averaged Oseen tensor. 



Good Solvent Conditions 

In contrast to ©-conditions a large number of NSE results have been published 
for polymers in dilute good solvents [16,110,115-120]. For this case the 
theoretical coherent dynamic structure factor of the Zimm model is not avail- 
able. Flowever, the experimental spectra are quite well described by that derived 
for ©-conditions. For example, see Fig. 42a and 42b, where the spectra 
S(Q, t)/S(Q,0) for the system PS/d-toluene at 373 K are shown as a function of 
time t and of the scaling variable (Qz(Q)t)^^^. As in Fig. 40a, the solid lines in Fig. 
42a result from a common fit with a single adjustable parameter. No contribu- 
tion of Rouse dynamics, leading to a dynamic structure factor of combined 
Rouse-Zimm relaxation (see Table 1), can be detected in the spectra. Obviously, 
the line shape of the spectra is not influenced by the quality of the solvent. As 
before, the characteristic frequencies Q(Q) follow the Q^-power law, which is 
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a Strong indication for Zimm relaxation. These findings are in complete agree- 
ment with the results of dynamic light-scattering studies [111,121,122]. In 
contrast to these scattering results, the line shapes of log[GR(co)] and 
log[GR((o)] as a function of lograxz dilfer from those observed under ©-condi- 
tions. For good solvents the spectra look more Rouse-like [1]. The absolute 
values of Q(Q) again are considerably smaller than those predicted by the 
theory. On the basis of the pre-averaged ©seen tensor and the expected increase 
of Qz(Q) by a factor 1.34 compared to ©-conditions, 20-30% are missing in the 
case of PDMS and 40-50% in the case of PS [123]. Thus, the deviation of the 
prefactor from the theory seems to depend not only on the specific polymer but 
also on details of the interaction between polymer and solvent. 

Particular attention was placed on the crossover from segmental diffusion to 
the center of mass diffusion at Q 1/Rg and to the monomer dilTusion at 
Q 1/G respectively, by Higgins and coworkers [119, 120]. While the transition 
at small Q is very sharp (see Fig. 43, right side), a broader transition range is 
observed in the regime of larger Q, where the details of the monomer structure 
become important (see Fig. 44). The experimental data clearly show that 
only in the case of PDMS does the range Q(Q) ~ exceed Q 0.1 A“^, 
whereas in the case of PS and polytetrahydrofurane (PTHF) it ends at about 
Q 0.06-0.07 A Thus, the experimental Q-window to study the internal 
dynamics of these polymers by NSE is rather limited. 



► 

Fig. 42. NSE spectra of a dilute solution under good solvent conditions (PDMS/d-toluene, 
T 373 K). a S(Q,t)/S(Q,0) vs. time t; b S(Q,t)/S(Q, 0) as a function of the Zimm scaling variable 
(fJ(Q)t)^'^. The solid lines result from fitting the dynamic structure factor of the Zimm model 
(see Tablet) simultaneously to all experimental data using T/ps as adjustable parameter 
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Fig. 43. Experimentally determined behavior of O/Q^ for various samples of linear and cyclic 
PDMS. The broken lines indicates the experimental value of Dz whilst the solid lines show the 
theoretical line as given by Eq. (84) [120], (Reprinted with permission from [120], Copyright 
1983 Elsevier Science Ltd., Kidlington, UK) 
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Fig. 44. Double logaritmic plot of Q(Q)/Q^ vs. Q for various dilute solutions under good solvent 
conditions visualize the crossover from segmental to monomer diffusion [119], The solid lines result 
from fitting the theoretical predictions of Akcasu et al. [94] to the experimental data using B 0.38 
and T|s and a /as adjustable parameters. The dotted lines are the corresponding predictions for 
0 conditions. (Reprinted with permission from [119]. Copyright 1981 American Chemical Society, 
Washington) 



Crossover from 0- to Good Solvent Conditions 

The crossover from 0- to good solvent conditions in the internal relaxation of 
dilute solutions was investigated by NSE on PS/d-cyclohexane (0 311 K) 

[115] and on PDMS/d-bromobenzene(0 357 K) [110]. In Fig. 45 the charac- 
teristic frequencies Qred(Q,T) (113) are shown as a function of i (T 0)/0. 
The Qz(Q, t) were determined by fitting the theoretical dynamic structure factor 
S(Q, t)/S(Q, 0) of the Zimm model (see Table 1) to the experimental data. This 
procedure is justified since the line shape of the calculated coherent dynamic 
structure factor provides a good description of the measured NSE-spectra under 
0- as well as under good solvent conditions. 

In both cases, qualitatively a good agreement with the theoretical predic- 
tions (see Fig. 39) has to be stated. The smaller the Q-value, the stronger the 
percentage increase at fixed i and the smaller the temperature range up to the 
maximum increase. 





86 



B. Ewen and D. Richter 





Fig. 45a, b. Segmental diffusion in dilute solutions at the crossover from 0- to good solvent 
conditions. Reduced characteristics frequencies (Q, t) vs. t (T 0)/0 at different Q-values 
a PDMS/d-bromobenzene: b PS/d-cyclohexane. (b reproduced with permission from [115]. Copy- 
right 1980 The American Physical Society, Maryland) 
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However, quantitative differences between both systems and between experi- 
mental results and theoretical predictions also become obvious. For the PDMS 
system the highest increase of Q^edCQ, "i) is 44% and three times larger than 
expected for a chain length of about 800 monomer units, whereas for the PS 
system the highest increase amounts to more than 100%. In addition, for a chain 
length of 600 monomer units the calculations yielded temperature breadth of the 
crossover extending up to i 0.5 for small Q’s, whereas experimentally it occurs 
on a scale compressed by one order of magnitude. A direct comparison between 
theory and experiment is shown in Fig. 46, where Q^edCQ, "i) from the PDMS 
system is plotted as a function of Q for hve x-values. This plot demonstrates that 
the discrepancies between experiment and theory mainly occur at smaller 
Q-values. In other words, on larger length scales the segmental diffusion 
becomes considerably more enhanced than expected from the theoretical 
approach. 

If the crossover points Q*(x) are determined from Fig. 45, taking the x-values 
at half-step height, Q*(x) l/^(x) (0.7 + 0.2)x is obtained in the case of the PS 

system. This has to be compared with static value Qf (x) 1.6x, derived from the 

same polymer solvent system by elastic neutron scattering [103]. As long as no 
corresponding data from other polymer solvent systems are available, the final 
decision as to whether static and dynamic scaling lengths coincide or not, is still 
open. 

The crossover behavior of a dilute high molecular mass PS/cyclohexane 
solution was also studied by photon correlation spectroscopy probing the 
regimes of center of mass and segmental diffusion [124]. The temperature 
dependence of the reduced characteristic frequencies, which was analyzed in 
terms of a modified blob model for the static equilibrium distribution function 
[125], is found to be in very good agreement with the theoretical calculations in 
the low Q-range. However, in the regime of segmental diffusion (Q<Rg>^^^ 4 

the general trend of the data, which, similar to the NSE data decrease with 
increasing Q for T © (compare Fig. 45), is not reproduced by the refined 
theory, which suggests a plateau behavior with continuously increasing height, 
even before good solvent conditions are reached. 

On macroscopic length scales, as probed for example by dynamic mechan- 
ical relaxation experiments, the crossover from 0- to good solvent conditions in 
dilute solutions is accompanied by a gradual variation from Zimm to Rouse 
behavior [1, 126]. As has been pointed out earlier, this effect is completely due to 
the coil expansion, resulting from the presence of excluded volume interactions. 

To summarize the results of NSE investigations on dilute homopolymer 
solutions, the following conclusions have to be drawn: 

1. The line shape of the spectra is independent from the solvent conditions and 
in complete agreement with the calculations based on the Zimm model 

2. For 0- as well as for good solvent conditions, the line shapes of the spectra 
follow a master curve when S(Q,t)/S(Q, 0) is plotted vs. (Q(Q)t)^^^, where 
Q(Q) ~ is the characteristic frequency of the Zimm relaxation 
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Fig. 46. Segmental diffusion in a dilute PDMS/d-bromobenzene solution at the crossover from 0 to 
good solvent conditions. Reduced characteristic frequencies (Q, t) vs. Q at different T-values. 
Comparison between experimental results (•) and theoretical predictions ( ). according to [98], 
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3. In contrast to the theoretical predictions, the absolute values of Q(Q), 
normalized with respect to the solvent viscosity ri^ and the temperature T, are 
non-universal. They vary from polymer to polymer and are always smaller 
than expected from theory 

4. The crossover from 0- to good solvent conditions leads at constant 
X (i 0)/0 to increasing Q(Q, x)/Q^ with decreasing Q. Qualitatively, this 
effect is well described in the framework of the blob model using the method 
of the first cumulant, proposed by Akcasu and coworkers 

5. For PS/d-cyclohexane, the only system where comparable static and dy- 

namic data from the crossover regime are available, the static and dynamic 
crossover points Q*(x) l/^(x) do not coincide 



5.2 Dilute Solutions of Cyclic Polymers 

Chain and ring macromolecules are topologically distinct. Thus it is not surpris- 
ing that many differences in their microscopic properties are observed [127]. 
Besides many other experimental techniques, which were applied to specify 
these differences, NSE was used to compare the center of mass diffusion and the 
internal relaxation of linear and cyclic PDMS systems in dilute solutions under 
good solvent conditions [120, 128, 129]. An important parameter for these 
investigations was the molecular mass, which was varied between 800 and 15400 
g/mol and which was almost identical for the corresponding linear (L) and ring 
(R) systems. 

In Fig. 43 the characteristic frequencies Q(Q) divided by are plotted vs. 
Q. Qualitatively the behavior of corresponding solutions is very similar. The 
cross over from center of mass to segmental diffusion is seen for molecular 
masses of about 6000 g/mol, whereas for 800 g/mol and 15400 g/mol only the 
center of mass diffusion or the internal relaxation can be observed. The Q-value 
(Q*), which separates both regimes, in general is smaller for the linear than for 
the cyclic polymers, when similar molecular masses are considered. This is due 
to the fact that for linear and cyclic PDMS containing the same number of 
monomer units <Rg>i^^ <Rg>R^^ is valid [128]. The ratio of the center of mass 

diffusion coefficients Dl/Dr is found to be 0.84 + 0.02, which compares 
favorably with 0.85, predicted in the case of absent-free draining and excluded 
volume effects [130]. The absolute values of Dl and Dr agree quite well with 
those obtained by boundary spreading [131] and quasi-elastic light-scattering 
techniques [132]. 

With respect to the segmental diffusion, the characteristic frequencies of the 
cyclic systems vary with df as in the case of the linear chains in dilute solution 
(see Sect. 5.1.2). The absolute values are independent of the topology of the 
polymers and their molecular masses, and thus exhibit the same deviations from 
the theoretical predictions that have just been pointed out for dilute solutions of 
linear homopolymers. 
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5.3 Dilute Solutions of Star-Shaped Polymers 

5.3.1 Theoretical Outline — Influence of the Static Structure on the Dynamics 

Star shaped macromolecules are polymers, where the one end of f 2 
(f functionality of the star) linear chains is chemically attached by covalent 
bonds to a small central linker unit, are the simplest form of branched polymers. 
Modern anionic polymerization techniques allow us to synthesize star systems 
with a large number of nearly monodisperse arms [133, 134]. 

Compared with linear macromolecules, the monomer density profile of such 
regular multiarm stars is highly non-uniform [135, 136]. Near the center it can 
approach that of a melt, even in dilute solutions. Progressing outwards from the 
center towards the edge it is lowered considerably, since more space is available 
for each of the arms to occupy. Finally, as one approaches the edge of the star, 
the monomer density will decrease fairly abruptly. On the basis of scaling ideas 
this may be pictured in terms of the concept of semi-dilute solutions with a blob 
size decreasing from the rim to the center [137-139]. These structural peculiari- 
ties are directly mirrored in the static scattering behavior [140-143]. 

The dynamics of highly diluted star polymers on the scale of segmental 
diffusion was first calculated by Zimm and Kilb [143] who presented 
the spectrum of eigenmodes as it is known for linear homopolymers in 
dilute solutions [see Eq. (77)]. This spectrum was used to calculate macro- 
scopic transport properties, e.g. the intrinsic viscosity [145]. However, 
explicit theoretical calculations of the dynamic structure factor [S(Q,t)] are still 
missing at present. Instead of this the method of first cumulant was applied to 
analyze the dynamic properties of such diluted star systems on microscopic 
scales. 

The best insight into the relaxation behavior of star polymers in dilute 
solution can be expected if, in addition to the whole star system, different parts 
of the star are considered separately. This can be achieved easily by neutron 
scattering techniques on systems where not only the entity of arms, but also 
single arms, the core or shell parts are labelled by proton deuterium exchange. 
With respect to the core-shell labelling it is convenient to build up the arms as 
diblock copolymers of A-B type with protonated or deuterated but otherwise 
chemically identical A and B blocks. 



Quasielastic Scattering of a Star with Diblock Arms in Solution 

If the partially labelled star/solvent system is considered as an incompressible 
ternary solution, the double differential cross section 0^a/0Q0E can be written 
as 



0a 

0Q0E 



CO 

n j dt e 

— 00 



f f Na Np 
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a Ip 1 j=l k=l 




( 108 ) 
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n is the number of stars per unit volume; N^, Np is the number of segments in 
both blocks A and B; K“, K|^ is the contrast between the solvent molecule and 
segment j in block A and segment k in block B, respectively. Following Eq. (6) 
K” is given by 

v“\ 

(109) 

Vs/ 

where Bp,bs represents the scattering lengths of the monomer in block A and the 
solvent molecule; Vp, Vj are the corresponding specihc volumina. 

Introducing partial intermediate structure factors 




So.p(Q,t) 

Eq. (108) may be written as 

^ nj^dte ‘-XZK„KpS,p(Q,t). 



( 110 ) 



( 111 ) 



Time Evolution of the Partial Dynamic Structure Factors 

If all memory effects are neglected, in the framework of the linear response 
theory the equation of motion for S,,p(Q, t) can be written as [146, 147]. 



|s„,p(Q,t) X^^^Y(Q)Syp(QA). (112) 

ot ^ 

^^oit(Q) is Ibe element ay of the first cumulant or initial decay matrix Q(Q) 
defined by 

Q(Q) lim^lnS(Q,t). (113) 

= ,-o dt = 

The system of coupled differential equations (112) is solved by 

So,p(Q,t) a]pe vn a.^pe (H4) 

with an optic like mode 

El Q,, AQ. (115) 

resulting from motion of both blocks against each other and a diffusive mode 
T2 AQ. (116) 

Qav and AQ, which both depend on Q, are given by 

f^av(Q) i(fi.o.(Q) f^pp(Q)) (117) 

AQ(Q) Q,„(Q)Qpp(Q) Q.p(Q)Qp,(Q). (118) 
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The spectral weights are functions of T^ and T 2 , of the partial static structure 
factors and of the elements of the Q(Q). On the other hand, Q is related to the 
generalized mobility matrix p(Q) by [compare Eq. (94)]. 

Q(Q) kBTQ^^(Q)/S{Q,0). (119) 

Thus, the calculation of Q(Q) requires the knowledge of the partial static 
structure factors So,p(Q,t) and the elements Po,p(Q) of the mobility matrix p(Q), 
which itself depend on Sa^(Q,0). ^ 

Static Structure Factor of Star Polymers 

According to Benoit and Hadziioannou [148] the partial structure factors of 
a f functional star polymer with diblock arms of A-B-type in the Gaussian 
approximation are given by 

So,.(Q,0) fP,(Q) f(f 1)A,^(Q) 

Spp(Q,0) fPp(Q) f(f l)A^(Q)e 

So,pQ,0) Sp,(Q) fA,^(Q) f(f l)A„^(Q)e (120) 

^^ 7 (Q) (y P) is the generalized Debye structure factor 
1 

P,(Q) 2N,"jdu(l u)exp{ Q2 <r2^>u"''} (121) 

0 

withv 1/2 for© and V 2/3 for good solvent conditions. A^ (y a, (3) is given 
by 

1 

A,(Q) N,jduexp{ Q2<Rg",,>u""}. (122) 

0 

(121) and (122) are derived from the assumption that the distance distribution 
between two arbitrary polymer segments] and k is Gaussian independent of the 
magnitude of the Flory exponent v. 

For a Gaussian star with f uniform arms of N segments one obtains [140] 

2N^ r f 1 ~ 

S(Q,0) ^ (z 1 e'O ^(1 e-^)^ (123) 

withz Q^<Rg,a), <Rg,a) being the mean square radius of gyration of one arm. 
The mean square radius of gyration of the whole star is given by 

<Rg^> ^<Rg^>- 



(124) 
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Mobility Matrix 

The evaluation of the generalized mobility matrix tr(Q) follows the lines outlined 
in Section 5.1.1. The elements tio,p(Q) can be approximated to high accuracy 
[100] by sums of a preaveraged term 

1 ” 

h.T(Q) u")''"du (125) 

-5^ hs 0 

and a correction term Ap„,p(Q) 

q2 CO 1 

Ap.p(Q) j ^ [S,p(0.72Q^)i/2 S.p(0.72Q^ u")^/"]du (126) 

oUTtPs Q U 

[see Eq. (99) and (100)]: 

Equations (125) and (126) explicitly show that in the initial slope approxima- 
tion the elements of the generalized mobility matrix can be expressed only in 
terms of integrals over the corresponding partial static structure factor. Both 
equations are valid as long as one assumes a Gaussian distance distribution of 
the distances rjj ^ between the monomers i on arm a and monomers j on arm p. 



Illustration of Two Representative Examples 

In order to provide some quantitative insight into the relation between structure 
and dynamics of star-shaped polymers, first some theoretical calculations for 
a dilute Gaussian f-arm stars are shown in Fig 47. In a scaled Kratky representa- 
tion (Q^S(Q, 0) vs. z Q<Rg,a)^^^, Fig. 47a) for f 2 (linear chains) a monotone 
increase to the plateau behavior at z 1 is to be seen, whereas for f 2 
a maximum occurs at Qz 1.2 before the plateau value is reached. With respect 
to the dynamics, the deviations of the star relaxation from that of a correspond- 
ing linear polymer are visualized most clearly if reduced cumulants Q(Q)/Q^ are 
plotted vs. z or Q (Fig. 47b). In this representation the segmental diffusion of 
linear polymers follows a line parallel to the abscissa at larger Q or z 1 owing 
to Q(Q)/Q^ ~ Q° [see Eq. (84)], whereas for smaller Q or z 1 the crossover to 
the center of mass diffusion (Q(Q)/Q^ ~ Q~^) becomes visible. In contrast, the 
stars exhibit a minimum at Q- or z-values intermediate between the overall 
translational and the internal diffusion. The depth of the minimum increases 
with increasing functionality f Obviously, the positions of the maxima in 
Fig. 47a and of the minima in Fig. 47b are strongly correlated, since both are 
located at Qz 1.2. 

The second example deals with dilute solutions of 12-arm stars, where the 
arm are built up by symmetrical diblocks of protonated and deuterated but 
otherwise identical monomers [149]. Figure 48 displays the reduced relaxation 
rates F^ j/Q^- In addition the effective 1/e decay rates of the dynamic structure 




Q (Q) / o'* [arb. units] 
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Fig. 48. Reduced relaxation rates Fi_ 2 /Q^ for stars with Gaussian chain conformation. The insert 
represents the rates direetly. Note that F i approaches a constant at lower Q. The broken lines give 
the effective reduced relaxation rates for various contrast conditions. Dashed line shell contrast; 
dashed-dotted line core contrast; dotted line average contrast. (Reprinted with permission from [154]. 
Copyright 1990 American Chemical Society, Washington) 



factor for three different contrast situations are shown, namely (a) core contrast 
(Ki 1, K 2 0), (b) shell contrast (K^ 0, K 2 1), and (c) average contrast 

(Ki K 2 ). T 2 /Q^ exhibits a minimum around QRg 1 and at low Q de- 
scribes the translational diffusion of the whole star. This can be seen from the 
insert of Fig. 48, which displays the non-reduced eigenvalues as a function of 
QRg. At low QRg, T 2 increases proportional to exhibiting diffuse behavior. 
On the other hand T 1 reaches a finite value at low Q being an optic-like mode 
describing the relative motion of the star shell with respect to the core. At higher 
QRg, the mode Tj does not exhibit the minimum shown by T 2 . For very large 
QRg, both modes converge describing the Zimm relaxation of the arms. On 
inspecting the results for the dynamic structure factors at different contrast 
conditions, one finds (see Fig. 49) that for core contrast basically the mode F 2 is 
observed while for shell contrast at higher QRg the relaxation rate follows Fj. 
For small QRg a crossover to F 2 is observed. Thereby, the reduced relax- 
ation rate passes through a maximum. Finally, for average contrast an inter- 
mediate relaxation rate is predicted, which for low QRg mainly picks up the 
optic mode. 





Spectral weights 
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Fig. 49a-c. Spectral contribu- 
tions of the two modes (0, 0), 
characterized by Fi and Fj, re- 
spectively, to the dynamic struc- 
ture factor for different contrast 
conditions. (Reprinted with per- 
mission from [154], Copyright 
1990 American Chemical Society, 
Washington) 



5.3.2 NSE Results from Stars in Dilute Solution 
Completely Labelled Stars 

Elastic and quasi-elastic (NSE) neutron scattering experiments were performed 
on dilute solutions of linear poly(isoprene) (PIP) polymers and of PIP stars 
(f 4,12,18) [150]. In all cases the protonated polymers were dissolved in 
d-benzene and measured at T 323 K, where benzene is a good solvent. 
Figure 50 shows the results of the static scattering profile in a scaled Kratky 
representation. In this plot the radii of gyration, obtained from a fit of the 
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experimental data with the corresponding static structure factor [Eq. (123); see 
Table 7] are used to convert the magnitude of the scattering vector Q to the 
scaling variable z and to eliminate the intensity scaling factor from the experi- 
mental points. The salient feature is the appearance of a maximum in S(Q)Q^, 
the height of which increases with functionality. It corresponds to an enhance- 
ment of the radial segment distribution function G(R) compared with a linear 
polymer (see inset in Fig. 50). The important Q-range for intermediate- and 
large-distance correlations (characterized by Rg and f ) is covered by all experi- 
ments and excellent agreement with the theoretical structure factor is observed. 
It should further be noted that in the case of the 18-arm stars, the two samples of 
very different molecular weights produce scattering profiles that fall on one 
universal line if the Q axis is scaled with the radius of gyration. 

A typical example for quasi-elastic measurements on the same system is 
shown in Fig. 51, where the NSE spectra of an 18-arm star (sample 1811AA) are 
reproduced. The solid lines are the line-shape profiles obtained from fitting the 
individual spectra with the dynamic structure factor of the Zimm model (see 
Table 1). Obviously, it describes the data very well. The only exceptions are the 
spectra from the low molecular weight four-arm star, where a crossover to 
single-exponential decay at small momentum transfers is observed. Figure 52 
presents the obtained relaxation rates. They were reduced by and are plotted 
vs. the scaling variable z with use of the experimental radii of gyration for the 
transformation from Q to z. At large z the reduced rates from all the molecules 
fall on the same line parallel to the abscissa, an indication of the Q(Q) ~ 
behavior of the Zimm regime. The absolute values of Q(Q) are smaller than 
predicted by the theory [Eq. (84)]. The deviations are similar as those found for 
PDMS in good solvent and discussed earlier (see Sect. 5.1.2). The data for the 
four-arm star stay on this plateau until they bend up at z 1.5. This crossover 
to Q(Q) ~ behavior coincides with the change of line shape to a single- 
exponential decay and reflects the onset of translational diffusion. The stars of 
high functionality exhibit different behavior. They start from the same level at 



Table 7. Molecular masses, functionalities, calculated and measured radii of gyration, and transla- 
tional diffusion coefficients of the investigated polyisoprene stars 



Sample 


M„ 


f 


Bonds/ 

arm 


<Rg>c\i 

(A) 


<R.">eip 

(A) 


^exp 

(cm^/sec) 


I^theor 

(cm^/sec) 


18IIAA 


22 X 10* 


18 


719 


76 


96 + 2 




0.6 x lO-*^ 


18VIIA 


6.2 X 10* 


18 


202 


40 


49 + 2 


(1.2 + 0.2)xl0“'’ 


1.2 x lO-*^ 


12IVA 


9.7 X 10* 


12 


475 


61 


73 + 1 


(0.9 + 0.15) X 10“ ® 


0.8 x 10"'’ 


PIP4 


0.5 X 10* 


4 


73 


23 


42 + 2 


(1.8 + 2)x lO-® 


1.6x10“'^ 


GQ20 


8.4 X 10* 


1 


4940 


107 









<Rg>c‘l( is the calculated radius of gyration with the parameters for PIP, taken from P.J. Flory 
{Statistical Mechanics of Chain Molecules, Wiley Intersciences, New York 1969) and the assumption 
of Gaussian chain statistics. 

Diheor was Calculated according to Ref [151] 
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Fig. 50. Small-angle neutron scattering results from different stars in a scaled form. The lines are the 
result of a fit with Eq. (94). Insert Related radial segment distribution functions obtained from 
a Fourier transformation of the theoretical scattering function. (Reprinted with permission from 
[150]. Copyright 1987 The American Physical Society, Maryland) 



large z and the reduced rates pass through a sharp minimum around z 1.5 
before they bend upwards into the regime of translational diffusion. Thereby, all 
data points, also for different f and M,,,, appear to follow the same master curve. 
The width of the minimum (FWHM) amounts to about Az 1.5, its amplitude 
to 50% of that of the large z-level. From the decay rate in the steep flanks at 
small Q, the diffusion coefficients of the stars can be derived. As can be seen from 
Table 7, they compare well with the theoretical prediction by Stockmayer and 
Fixman [151]. 

The salient feature of the experimental results is the observation of a pro- 
nounced minimum in the Q(Q)/Q^ vs. z plot. It occurs at the same position, 
where the static structure factor in its Kratky representation exhibits its max- 
imum. Furthermore, the reduced line width scales with the scaling variable z in 
the same way that the static structure factor does. Thus, the occurrence of the 
minimum is directly related to peculiarities of the star architecture. 
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Fig. 51. Neutron spin echo spectra obtained from the star 18 II AA. The lines are a result of a fit with 
the dynamic structure factor calculated by Dubois Violette and de Gennes [34], (Reprinted with 
permission from [150], Copyright 1987 The American Physical Society, Maryland) 



In the theory of liquids, such a phenomenon is well known under the term of 
de Gennes narrowing [152]. There the peak in S(Q) renormalizes the relaxation 
rate for density fluctuations: D/S(Q). While in the liquid this is an effect 

involving different independent particles, here it occurs for the internal density 
fluctuations of one entity. 

A comparison with Burchard’s first cumulant calculations shows qualitative 
agreement, in particular with respect to the position of the minimum. Quantitat- 
ively, however, important differences are obvious. Both the sharpness as well as 
the amplitude of the phenomenon are underestimated. These deviations may 
originate from an overestimation of the hydrodynamic interaction between 
segments. Since a star of high f internally compromises a semi-dilute solution, 
the back-ffow field of solvent molecules will be partly screened [40, 117]. Thus, 
the effects of hydrodynamic interaction, which in general eases the renormaliz- 
ation effects owing to S(Q) [152], are expected to be weaker than assumed in the 
cumulant calculations and thus the minimum should be more pronounced than 
calculated. Furthermore, since for Gaussian chains the relaxation rate decreases 
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Fig. 52. Reduced relaxation rates F/Q^ as a function of the scaling variable. The solid line is a visual 
aid. (Reprinted with permission from [150]. Copyright 1987 The American Physical Society, 
Maryland) 



compared with swollen chains [115], the screening of the excluded volume 
interaction - which, owing to the high monomer concentration, will be effective 
for large distances (stars are only partly swollen) - will further deepen the 
minimum. 



Stars with Single Labelled Arms 

In another series of experiments [149] the correlation between structure and 
dynamics was investigated on dilute solutions of 12-arm PS star systems 
14.9 10'^ g/mol) in d-tetrahydrofurane, where either only one or all 12 arms were 
protonated (labelled). 
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As a signature of the star architecture the elastic scattering data of the 
completely labelled stars exhibit a pronounced peak at z 1.5 in the scaled 
Kratky representation. In contrast to the PI systems, presented before, the 
Kratky plot of the measured scattering curve disagrees strongly with the 
prediction of Eq. (123). The experimental halfwidth of the peak is nearly only 
50% of the theoretically predicted one. 

This peak structure is completely absent in the scattering profile, obtained 
from single arm labelled stars (see Fig. 53). In order to demonstrate the 
asymptotic behavior at large Q's, S(Q, 0) Q^^'' is plotted vs. Q with v 3/5 and 
V 2/3. For smaller chains a plateau is expected for the Flory exponent v 3/5. 
The observed plateauing at higher v indicates strongly stretched arms. These 
findings are in good agreement with molecular dynamics simulations on star 
molecules [135], which also find stretched arm conformations with a Q scaling 
of the static structure factor of the order of Q “ 

The reduced characteristic frequencies Q(Q)/Q^, as obtained from NSE 
measurements, are plotted vs. Q for both systems in Fig. 54. The minimum, 
which occurs for the full stars, does not occur in the system, where the 




Fig. 53. Small-angle neutron scattering data from the 12-arm polystyrene star PS120A 
(M„ 1.49 X 10^) where the 11 deuterated arms were matched by the solvent THF. In order to 

demonstrate the asymptotic Q behavior, the data are plotted in a generalized Kratky representation 
(Iq“ vs. Q with a 1.5 and 5/3). The solid line marks the high Q-plateau. (Reprinted with permission 
from [149]. Copyright 1989 American Chemical Society, Washington) 
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Fig. 54. Reduced relaxation rates Q/Q^ for the fully protonated (•) and the one-arm labelled star (♦) 
as a function of Q. The lines are visual aids. (Reprinted with permission from [149], Copyright 1989 
American Chemical Society, Washington) 



relaxation of only a single arm is probed. This observation confirms that the 
minimum is due to the collective motion of the arms. In the case of PS stars the 
minimum appears to be much narrower (Az 0.6) than that observed for the 
PIP stars (Az 1.5, see Fig. 52). This effect is as little understood as the different 
widths of the peaks in the Kratky plot of the corresponding elastic structure 
factors. However, the discrepancies between the PIP and PS stars do not query, 
but rather corroborate the principle that there is a close inherent correlation 
between microscopic structural and dynamic properties of polymers, which is 
sufficiently described by the ideas underlying Eq. (119). 

For the single labelled arm the limiting behavior of Q(Q)/Q^ at small and 
large Q(z 1 and z 1) agrees with that of the full star. Thereby, the crossover 
of Q from Q^- to the Q^-dependence is much more gentle than that observed for 
unattached linear PDMS chains [128] or in the case of the 4-arm PIP stars 
[150] (see Fig. 52). 



Stars with Labelled Cores or Shells 

The investigations on partially labelled 12-arm stars in dilute solutions 
also included PIP systems, where the arms (M,^ 8000 g/mol) were built by 
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Table 8 . Details of different labelled 12-arm PIP stars (samples 1, 2, 4 arms of symmetric diblock of 
protonated and deuterated PI, respectively) barn 10“^“* cm^ evaluated on the basis of the 
structural model corrected for the ratio of the viscosities of octane and toluene 



Sample 


1 


2 


3 


4 


Systems 


HD-star 


DH-star 


HH-star 


DH-star 


mol ~ ^ 


9.610* 


9.6 10* 


9.6 10* 


9.6 10* 


Solvent 


D-octane 


D-octane 


D-octane 


Toluene 


Labelling 


Core 


Shell 


Complete 


90.4% C,D 5 H 3 
9.6% C 7 D 3 H 5 
Average 


Contrast in barn*^’ 
K( 


50.1 


0.92 


50.1 


15.5 


Ki 


0.92 


50.1 




17.2 


K 1 K 2 


6.83 


6.83 




16.3 


T/n, in K/cP'^> 


324 + 6 


474 + 13 


389 ± 7 


280 + 4<3» 



symmetric diblocks of protonated or deuterated, but otherwise identical mono- 
mers [154]. As a good solvent d-octane was chosen (see Table 8). Thus, core 
labelling (H-D-star, sample 1) was present if the protonated blocks were at- 
tached to the center and shell labelling (D-H-star, sample 2) in the reversed case. 
For comparison, a completely labelled star system (H-H-star, sample 3) was also 
investigated. The average contrast conditions (D-H-star, sample 4) were 
achieved by replacing the d-octane by a mixture of partially deuterated toluenes 
(90.4% C^ Dj H3, 9.6% C7 D3 H5). With respect to the total and partial 
structure factors, scattering from samples 1-3 mainly provides information on 
Sii(Q, t), S 22 (Q,t) and S(Q,t), respectively, whereas the scattering from sample 
4 is sensitive to the interference term Si 2 (QA)- In Fig- 55 the elastic neutron 
scattering data for the core, shell and average contrast conditions are shown in 
a generalized Kratky representation S(Q, 0) Q^^'' vs. Q with v 3/5. In all cases 
the fitted theoretical partial structure factors [see Eq. (120)] for ideal Gaussian 
(v 1/2) and expanded stars (v 1/2) are included. 

With the core contrast (Fig. 55a) a strong peak is observed as in the case of 
completely labelled stars [148], while with the average contrast (Fig. 55c) the 
peak is less intensive. With the shell contrast (Fig. 55b) the scattering pattern is 
quite different. Its most important feature is the intermediate minimum, which is 
observed at the same Q-value, where the maxima are found for the core and 
average contrast conditions. 

Similarly to the fully labelled stars [150], the peak structure in the generaliz- 
ed Kratky plot for core and average contrast conditions is also quite well 
reproduced by calculating S(Q) on the basis of an ideal (v 1/2) star conforma- 
tion. The swollen conformation calculations predict a more diffuse peak in both 
cases. 

At higher Q, however, where the static structure factor reveals the asymp- 
totic power law behavior S (Q, 0) ~ Q “ the assumption of ideal conformation 

clearly fails. In particular, this is evident for the core (sample 1) and shell 
contrast conditions (sample 2). 
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Fig. 55a-c. Generalized Kratky 
plot S(Q) vs. Q for diblock 
PIP stars under different con- 
trast conditions. (Reprinted 
with permission from [154]. 
Copyright 1990 American 
Chemical Society, Washington) 



In the case of core contrast, a power law fit of S(Q,0) in the regime 
Q 0.1 reveals S(Q,0) ~ corresponding to a Flory exponent 

V 0.71. An exponent of such magnitude is indicative for a highly stretched 
chain conformation. For the shell contrast the Flory exponent, for good solvent 
conditions of linear chains v 0.6 provides a reasonably good description of the 

whole experimental scattering prohle. Nevertheless, the agreement is still con- 
siderably improved, if v is slightly increased to 0.62 (see Fig. 55b), indicating 




Neutron Spin Echo Investigations on the Segmental Dynamics 



105 



a somewhat stronger chain expansion than expected from excluded volume 
interactions of non-attached linear chains. If these results are compared with 
that from the single arm, where v 0.67 is found [147] (see above), one realizes 
that this v-value is in a good approximation the arithmetic mean of the core and 
the shell contribution. 

There is no doubt that the asymptotic large Q-behavior at average contrast 
conditions agrees better with the expanded chain conformation than with the 
ideal one. However, since under these contrast conditions the scattering is weak, 
the data at large Q are affected by large errors, thereby limiting the precision of 
this statement. 

In Fig. 56 the reduced relaxation rates Q(Q)/Q^, as obtained from fitting the 
initial decay of the experimental NSE spectra with the dynamic structure factors 
of the Zimm model (see Table 1), are shown for the core, shell and average 
contrast conditions. The dashed and solid lines represent the theoretical predic- 
tions using either the partial structure factors of Gaussian stars (v 1/2) with 
the radii of gyration as determined experimentally by small angle neutron 
scattering (SANS) (Gaussian model) or the partial structure factors, which were 
experimentally observed (structural model). In both cases the components of the 
mobility matrix Pa(!(Q) [see Eq. (125) and (126)] were calculated accordingly. 
The only adjustable parameter was T/n^, which determines the time scale. 

For each contrast condition the Gaussian model (dashed lines) qualitatively 
displays the general features of the experimental results, but the agreement with 
the experimental relaxation rates is poor. Overall, the predictions of the Gaus- 
sian model exhibit less pronounced structure than actually observed, e.g. for 
shell and core contrast in Fig. 56, one observes that both the peak and the 
minimum in the reduced relaxation rates are predicted at the correct position in 
Q. However, both of them are much weaker than those measured experi- 
mentally. Similar observations hold also for the cases of average (Fig. 56c) and 
full contrast. Compared with the Gaussian model, the structural model provides 
a superior picture. The agreement with respect to the Q dependence of the 
characteristic frequencies is nearly quantitative. In particular, both the min- 
imum as well as the maximum of Q/Q^ for core and shell relaxation are very well 
reproduced (Fig. 56). Thus, the relaxation data are well described in terms of the 
two-mode picture of the RPA model: for Q values above the maximum, the shell 
relaxation mode may be identified with the “optic” relaxation mode explained 
earlier. Toward the lower Q, the “acoustic” diffuse mode gains spectral weight, 
and one observes the down swing of Q/Q^ at low Q. On the other hand, the core 
relaxation behavior reflects nearly exclusively the low-lying second acoustic-like 
star relaxation mode, which undergoes a minimum where the shell relaxation 
arrives at the maximum. For average contrast conditions the RPA model 
predicts a strong low-Q increase of the reduced relaxation rate, since there the 
optical mode F i gains weight. This behavior is seen in Fig. 56c, where below 
Q 0.05 A “ ^ the data display the predicted behavior. Since at average contrast 
the scattering signal approaches zero at Q 0, this mode could not be followed 
toward the lowest Q values. 
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While it is evident that the Q dependence of the short-time star relaxation 
can be exclusively explained on the basis of the star structure, the time scale of 
these relaxations does not fit into this simple picture. In the model of hy- 
drodynamic interaction this time scale is solely determined by the temperature 




Fig. 56a-c. Reduced relaxation rates tJ (Q)/Q^ for diblock PIP stars under various conditions and 
theoretical predictions using the partial structure factors of Gaussian stars {dashed lines) or the 
experimental determined ones {solid line), a core contrast, b shell contrast, c average contrast. 
(Reprinted with permission from [154]. Copyright 1990 American Chemical Society, Washington) 
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T divided by the viscosity of the solvent r|s. For n-octane this number is 837 
K/cP at T 323 K. The results of the fitting process are all below this theoret- 
ical value. This is not surprising, since even in the case of dilute solutions of 
unattached linear chains, the theoretical values are never reached (see Sect. 
5.1.2). In addition the experimental T/ps values differ considerably for the 
different labelling conditions and the different partial structure factors. Never- 
theless, it is interesting to note that T/p^ for the fully labelled stars is within 
experimental error the arithmetic mean of the corresponding core and shell 
values. 

The theoretical approach described before dealt with the short-time dynamic 
response of the star molecules. However, in the case of completely labelled stars 
[148] it was found that the line shape of the Zimm model provides a good 
description of the NSE spectra not only in the short-time regime (t 5 ns), but 
also on longer time scales. 

This is different for the star core. Figure 57 provides a comparison of the 
spectra at two Q-values with those from an equivalent full star (sample 3). Over 
short periods of time, both sets of spectra nearly coincide. However, over longer 
periods of time, the relaxation of the star core is strongly retarded and seems to 
reach a plateau level. This effect may be explained by the occurrence of interarm 
entanglements as recently proposed by scaling arguments [135]. 

When the various results obtained by combined elastic and quasielastic 
neutron scattering measurements on star shaped polymers in dilute solutions 
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Fig. 57. Relaxation spectra of the fully labelled star (•, ) and the star core (*, 0) at two different 

Q-values. The solid lines represent the result of a fit for the Zimm dynamic structure factor to the 
initial relaxation of the fully labelled star. The dashed lines are visual aids showing the retardation of 
the relaxation for the star core. (Reprinted with permission from [154]. Copyright 1990 American 
Chemical Society, Washington) 



are summarized, the following conclusions arise: 

1. With respect to the dynamics of such systems, there is a strong correlation 
between the structure factor and the initial decay of relaxation on microscopic 
length scales 

2. This correlation can be quantitatively accounted for on the basis of the linear 
response theory and the RPA 

3. Particularly distinct effects occur for Q<Rg,a)^^^ 1-4 where <Rg,a) is the 

mean square radius of gyration of one arm of the star 

4. At this position, the reduced relaxation rate Q(Q)/Q^ shows a minimum for 
stars, where the arms are labelled completely or to 50% at the core site. For 
these systems the Kratky plot of the static structure exhibits a maximum at 
the same Q-value 

5. For single arms neither the minimum in the dynamics nor the maximum in 
the static response are observed 

6. For the star shell the situation is in versed compared with the core (maximum 
in the dynamic and minimum in the static response) 

7. The absolute values of the reduced relaxation rates at Q<Rg,a)^^^ 1 are 

smaller at the core than at the shell of the stars. The corresponding values for 
the full stars are the arithmetic mean of the core and the shell value 
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8. The NSE spectra from full stars are well described by the scattering law of the 
Zimm model in the whole experimental time window (20 ns) 

9. Comparing the NSE spectra of complete and core stars, agreement is only 
found over short periods of time (t 5 ns). For longer times the spectra from 
the core tend toward a plateau, indicating interarm entanglement elfects 



5.4 Semi-dilute Solutions of Linear Homopolymers 

5.4.1 Theoretical Outline - Collective Diffusion and Screening of Hydrodynamic 
Interactions 

Transition from Single to Many Chain Behavior 

When the monomer concentration exceeds c* [see Eq. (112) and Fig. 38], 
the dilferent polymer molecules are no longer separated but interpenetrate 
each other forming a transient network of lifetime ig. At constant temperature 
this network structure is characterized by a concentration-dependent correla- 
tion length ^(c), which may be considered as the mean mesh size of the 
pseudo gel. 

Since the transition from dilute to semi-dilute solutions exhibits the 
features of a second-order phase transition, the characteristic properties of the 
single- chain statics and dynamics observed in dilute solutions on all intra- 
molecular length scales, are expected to be valid in semi-dilute solutions on 
length scales r ^(c), whereas for r ^(c) the collective properties should 
prevail [90]. 

Flowever, this is true only for good solvent conditions, where ^(c) is also the 
correlation length, beyond which both the excluded volume and the hy- 
drodynamic interaction are screened and self-entanglements (intramolecular 
knots) are rare. 

Under ©-conditions the situation is more complex. On one side the excluded 
volume interactions are canceled and ^(c) is only related to the screening length 
of the hydrodynamic interactions. In addition, there is a finite probability for the 
occurrence of self-entanglements which are separated by the average distance 
^i(c) As a consequence the single chain dynamics as typical for 

dilute ©-conditions will be restricted to length scales r ^;(c) [155, 156]. 

The theoretical description of the dynamic behavior of semi-dilute solutions 
in the hydrodynamic (QRg 1) and in the many-chain (Q^(c) 1) regime is 

based on the two fluid model with the solvent and the solute as independent 
constituents. The motion of the segments is ruled by the balance between rubber 
elastic and osmotic restoring forces on the one side and viscous forces on the 
other. The latter are due to the friction between the polymer molecules and the 
solvent. The corresponding normalized coherent dynamic structure factor 
was first derived by Brochard and de Gennes [11, 155, 156] in a way analogous 
to the approach [157] used earlier for permanent gels. Slightly modified 
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derivations, presented later [158, 159] led to the same result. According to these 
treatments S(Q,t)/S(Q,0) is given by 



S(Q,t) 

S(Q,0) 



A.,e 



n.(Q)t 



(1 



A.)e 



n,(Q)t 



(127) 



where the indices s and f refer to the fast (solid like) and slow (liquid like) modes, 
respectively. Under good solvent conditions for t ig and Q^(c) 1, a “pure” 

gel like mode occurs with A^ 1 and the relaxation rate 

a(Q) DgQ" (128) 

6Trri,^(c) 

Since the elastic modulus Eg of the pseudogel is identical to the osmotic modulus 
Eo, Qs(Q) is equal to the relaxation rate Qi(Q) of the hydrodynamic 

mode (Ag 0), which is relevant for t Xg and Q^(c) 1. 

In contrast, for Q^(c) 1 the pseudo gel structure is not yet developed and 

the segmental dynamics follow the predictions of the Zimm model. S(Q), t)/ 
S(Q,0) is a universal function of (Q(Q)t)^^^ with (Q(Q) 1.3 Qz (Q), just as in 

dilute solutions on the whole intramolecular length scale [99]. 

Thus, with decreasing Q a crossover from the single-chain to the collective 
many-chain relaxation occurs at Q l/^(c) (see Fig. 58a). 

Under ©-conditions Eg is in general much larger than Eq (the case Eg = Eq is 
discussed in Ref [158]) and for Q^(c) 1 the relaxation rates of the hy- 

drodynamic (t Tg) and the gel like (t ig) are no longer identical. Whereas the 
first one is given by A^ 0 and 

f^i(Q) (129) 

67ir|,^(c) 

the latter is now composed of two contributions with the rates 

1 T 

f^s(Q) DgQ" (130) 

6Trr|/ 

Qi(Q) D,t/(igDg) (131) 

and the amplitude 

A, D,/Dg //^(c). 

In the present case Qi(Q) is small compared with 1. 

Owing to the appearance of self-entanglements, the regime of single chain 
relaxation (Q^(c) 1) is split into two subregimes. On length scales l/^(c) 

Q l/^i(c) (single chain microgel mode) S(Q,t) is similar to that in the case of 
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Fig. 58a, b. Segmental diffusion in 
semi-dilute polymer solutions. Sche- 
matic view of the Q-dependence of the 
relaxation rates D(Q) at a fixed eoncen- 
tration. a Good solvent conditions: 
b 0-conditions. (Reprinted with per- 
mission from [168]. Copyright 1994 
Elsevier Science B.V., Amsterdam) 



the interchain gel-like mode. Qi(Q) remains unchanged; Qs(Q) and are 
modified to 

QdQ) D‘Q^ D,/(^{c)Q)~Qc-i (132) 

and As D^/Dg. 

Finally for Q^i(c) 1 the unperturbed (not self-entangled) single-chain re- 
laxation, just known from good solvent conditions, takes place. S(Q, t)/S(Q, 0) is 
a universal function of (Q(Q, t)^^^ with Q(Q) f^z(Q)- In Fig 58b a schematic 
plot of the crossover behavior of the segmental dynamics under ©-conditions is 
shown. 
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Transition in the Single Chain Dynamics owing to the Screening 
of Hydrodynamic Interactions 

It is generally accepted that in semi-dilute solutions under good solvent 
conditions both the excluded volume interactions and the hydrodynamic 
interactions are screened owing to the presence of other chains [4,5,103]. 
With respect to the correlation lengths ^(c) and ^h(c) there is no consensus 
as to whether these quantities have to be equal [11] or in general would be 
different [160]. 

The hydrodynamic interaction is introduced in the Zimm model as a pure 
intrachain effect. The molecular treatment of its screening owing to presence of 
other chains requires the solution of a complicated many-body problem [11, 
160-164]. In some cases, this problem can be overcome by a phenomenological 
approach [40, 117], based on the Zimm model and on the additional assump- 
tion that the average hydrodynamic interaction in semi-dilute solutions is still of 
the same form as in the dilute case. 

If we assume complete screening on length scales larger than ^h(c), in this 
regime the segmental dynamics of a labelled chain in the pseudo gel are expected 
to follow the predictions of the Rouse model. On the other hand, on length 
scales smaller than ^h(c) the Zimm relaxation should remain unchanged com- 
pared with corresponding dilute solutions. With increasing concentration the 
regime of Rouse relaxation, occurring first at small Q-values, will be extended to 
larger and larger momentum transfers. 

NSE results [40, 117], which will be presented in the next section, showed 
that the situation is more complex. With increasing concentration, instead of the 
expected single crossover from Zimm to Rouse, indications for an intermediate 
Zimm regime were observed. 

A model that can take these findings into account is based on the idea 
that the screening of hydrodynamic interactions is incomplete and that 
a residual part is still active on distances r ^h(c) [40,117]. As a conse- 
quence the solvent viscosity ps in the Oseen tensor is replaced by an effective 
viscosity Peff(r, c). 



Pef/(r,c) (p, ^ PhHc)) exp{ r/^H(c)} Pu^c). (133) 

When Eq. (133) is incorporated in the Langevin equation (72) three different 
dynamic regimes (see Fig. 59) can be distinguished (see Eq. 23). 

(1) Q^u(c) 1 

Q(Q) Q,(Q) Q^ P 2/3 (134) 

6tt p. 



unscreened Zimm relaxation (as in the dilute solution). 
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Fig. 59. Incomplete screening of hydrodynamic interactions in semi-dilute polymer solutions. 
Presentation of different regimes which are passed with increasing concentration. A,C Unscreened 
and screened Zimm relaxation, respectively, B enhanced Rouse relaxation. (Reprinted with per- 
mission from [12]. Copyright 1987 Vieweg and Sohn Verlagsgemeinschaft, Wiesbaden) 



(2) Q^h(c) 1 and Q^h(c) r|,/riH(c) 

Q(Q) Qz(Q)(l ^Q^h(c)) P 1/2 (135) 

enhanced Rouse relaxation, 

(3) Q^h(c) land Q^h{c) ii./tihCc) 



f^(Q) f^z(Q)^ P 2/3 

i1h(c) 

screened Zimm relaxation. 



(136) 



If a residual hydrodynamic interaction over large distances does not exist 
(1/tih(c) 0), the regime of screened Zimm relaxation vanishes, and only the 

crossover from unscreened Zimm to enhanced Rouse relaxation remains. 
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5.4.2 NSE Results from Semi-Dilute Solutions of Linear Homopolymers 
Transition from Single Chain to Collective Dynamics 

Under good solvent conditions the dynamics of semi-dilute solutions was 
investigated by NSE using a PDMS/d-benzene system at T 343 K and vari- 
ous concentrations 0.02 c 0.25. The critical concentration c* as defined by 
(112) is 0.055. 

The transition from single- to many-chain behavior already becomes obvi- 
ous qualitatively from a line shape analysis of the NSE spectra (see Fig. 60) 
[116]. For dilute solutions (c 0.05) the line shape parameter p is equal to 
about 0.7 for all Q-values, which is characteristic of the Zimm relaxation. In 
contrast, in semi-dilute solutions (e.g. c 0.18), P-values of 0.7 are only found at 
larger Q-values, whereas P-values of about 1.0, as predicted for collective 
dilfusion [see Eq. (128)] are obtained at small Q-values. A similar observation 
was reported by [163]. 

Figure 61 presents the Q(Q)/Q^ relaxation rates, obtained from a fit with the 
dynamic structure factor of the Zimm model, as a function of Q. For both dilute 
solutions (c 0.02 and c 0.05) Q(Q) ~ Q^ is found in the whole Q-range 
of the experiment. With increasing concentrations a transition from Q^ to 




Fig. 60. Crossover from single-chain to many-chain relaxation at T 343 K. Lineshape analysis for 
PDMS/d-benzene at c 5 and 18%; double logarithmic plot of ln/S(Q, t)/S(Q, 0) vs. t/s. 
(Reprinted with permission from [116]. Copyright 1982 J. Wiley and Sons, Inc., New York) 
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Fig. 61. Crossover from single-chain to many-chain behavior in PDMS/d-benzene at T 343 K. 
Characteristic frequencies n(Q) divided by as a function of Q. (Reprinted with permission from 
[116], Copyright J. Wiley 1982 and Sons, Inc., New York) 



behavior takes place at decreasing Q. The position of the crossover point 
Q*(c) is a direct measure of the dynamic correlation length ^(c) 1/Q*{c). The 

plateau value at low Q determines the collective diffusion coefficient Dj,. 
A simultaneous fit of all low Q spectra where a simple exponential decay was 
found led to the concentration dependence and the numerical values of Dj 

D./cm^s”^ (1.3 ± 0.1)10"^ (137) 

The result is shown in Fig. 62 where the different D^, values, obtained from 
separate fits at each concentration, are also presented. The dynamic correlation 
length ^(c)/A (3.4 + 0.7) c of the same order of magnitude as the 

value obtained from a static experiment on the PS/d-cyclohexane system [104]. 
The exponents for the concentration dependence of De and ^(c) are in agreement 
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Fig. 62. Collective diffusion coefficient 
Dc in semi-dilute PDMS/d-benzene sys- 
tems at T 343 K as a function of the 
monomer concentration c. (Reprinted 
with permission from [116], Copyright 
1982 J. Wiley and Sons, Inc., New York) 



with the results of dynamic light-scattering experiments [121, 165] probing 
a much larger length scale. The powers are both smaller than theoretically 
predicted and found in static neutron scattering experiments. According to 
[166, 167] this observation does not reflect a fundamental difference between 
static and dynamic scaling laws, but may result from the finite chain length, 
which causes the dynamic properties to converge much more slowly to their 
asymptotic values. 

In Fig. 63 the results from PDMS/d-bromobenzene at 357 K (0-system) 
[168] are plotted in the same representation as that used in Fig. 58. In contrast 
to the good solvent system, the deviations from the unentangled single-chain 
behavior (Q(Q)/Q^ ~ Q) do not lead to Q-independent plateaus but exhibit an 
increase with decreasing Q-values. According to the arguments of the theoretical 
section, this behavior is characteristic of the existence of a single chain mode, 
where self-entanglements have to be taken into account. 

The experimental data also show that the crossover to the many-chain 
regime does not appear in the Q-window accessible to the method. Owing to 
this lack, the direct experimental evidence that the upturn has to be assigned to 
a single chain mode and does not result from a collective mode, is still missing. 
Nevertheless, assuming De ~ c, and expressing Dg by Dc/(Q/), from a 
simultaneous fit ^(c)/A (6.0 + 0.5)c~^ and tjk lA + 0.6 are derived. 



Screening of Hydrodynamic Interactions 



The observation of single-chain dynamics in semi-dilute solutions requires 
contrast matching and labelling. In the case of PDMS this can be achieved using 
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Fig. 63. PDMS/d-bromobenzene at 357 K (0-solvent system). Redueed relaxation rate n(Q) of the 
segmental dynamics as dependent on Q for various concentrations. (Reprinted with permission from 
[168]. Copyright 1994 Elsevier Science B.V., Amsterdam) 



a mixture of 95% deuterated and 5% protonated polymers, dissolved in 
d-chlorobenzene. Since the scattering length densities of d-PDMS and d-chloro- 
benzene are almost identical, for all monomer concentrations the dynamics of 
the single protonated chains can be observed. The NSE measurements were 
performed at T 373 K and concentrations 0.04 c 0.45 [40, 117]. 

Figure 64 presents the results of the line-shape analysis for c 0.18 and 
c 0.45. In the first case the polymer relaxation is still determined by the Zimm 
modes at larger Q-values, while at smaller Q the Rouse modes become domi- 
nant. Qualitatively, this behavior is expected for the crossover from unscreened 
Zimm to enhanced Rouse relaxation. At c 0.45 the Q-dependence (3 is 
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Fig. 64. Single-chain behavior in semi-dilute PDMS/d-chlorbenzene solutions. Line-shape para- 
meter p as a function of Q at the concentration c 0.18 and c 0.45, indicating the occurance of 
two crossover effects, as predicted by the concept of incompletely screened hydrodynamic interac- 
tions. (- -- - ), ( ) asymptotic Zimm and Rouse behavior, respectively. (Reprinted with per- 

mission from [117]. Copyright 1984 Elsevier Science Ltd., Kidlington, UK) 



inverted. Apparently, Zimm modes are active now over larger distances while 
the shorter spatial dimensions are governed by Rouse modes. This result, which 
is incompatible with the assumption that the hydrodynamic interactions are 
totally screened on larger scales, supports the idea of incomplete screening as 
supposed by Eq. (133). 

Employing the explicitly calculated dynamic structure factors for incomplete 
screening, the quantitative data analysis demonstrated the consistency of the 
approach and revealed numerical results for ^h(c) and t|h(c) [HO]. Both 
quantities were determined from a simultaneous fit of 25 experimental spectra at 
5 concentrations, varying only two parameters. Figure 65 presents the concen- 
tration dependence of ^h(c) and compares it with ^ (c), the correlation length for 
the transition from single chain to collective relaxation in semi-dilute solutions. 
The magnitudes of both lengths nearly coincide. The concentration dependence 
^h(c) appears to be closer to the mean field (^h(c) ~ c“^) than to the scaling 
prediction (^h(c) ~ and the experimental findings for ^(c), (^h(c) ~ c°'®^). 

Elowever, measurements on more concentrations are needed to determine the 
exponent. The concentration dependence of tih(c), which controls the crossover 
from enhanced Rouse to screened Zimm relaxation, is shown in Fig. 65. Since no 
dependence of tih(c) on the molar mass of the polymer matrix (M 60.000, 
178.000 g/mol) was observed, tih(c) cannot be identified with the macroscopic 
viscosity of the polymer solution (see Fig. 66). 

On the other hand, it was found that the microscopic parameter tih(c) 
exhibits close similarities to the macroscopic viscosity p (c)/r|s of a low molecular 
mass (M 7.400 g/mol) PDMS/d-chloro benzene system at 373 K. For that low 

molar mass the terminal Zimm time iz [see Eq. (80)] is comparable to the time 
scale of the NSE experiment. Thus, the macroscopic viscosity can relax towards 
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Fig. 65. Concentration dependence of 
the hydrodynamic screening length 
(c). The solid line represents the result 
of the simultaneous fit, the dashed line in 
correlation length i;(c) related to the 
transition from single to many chain be- 
havior. (Reprinted with permission from 
[40], Copyright 1984 American Chem- 
ical Society, Washington) 



equilibrium within the available time window. This coincidence supports the 
idea that the crossover from enhanced Rouse to screened Zimm relaxation is 
determined by an effective time-dependent viscosity. 

The screening of hydrodynamic interactions was also studied by another 
group [164], applying the method of “zero average contrast” [30]. This method 
has the advantage that the scattering experiment reflects the single chain 
properties, but the intensity can be increased considerably compared with the 
case [40,117] where only a small amount of labelled chains are used. The 
experiments only deal with the concentration c 0.2 and confirm the earlier 
observations [40,117] on the transition from unscreened Zimm to enhanced 
Rouse relaxation, but do not treat the problem of incomplete screening. 

To summarize, the following conclusions arise from the NSE investigation 
on semi-dilute solutions of homopolymers: 

1. Under good solvent conditions the crossover from single-chain relaxation to 
collective diffusion (many-chain behavior) can be observed by variation of the 
Q-value 

2. The crossover is accompanied by a change in the line shape and in the 

Q-dependence of the characteristic frequency Q(Q) ~ f^(Q) ~ 

3. The crossover appears to be sharp if Q(Q)/Q^ is plotted vs. Q 

4. Under ©-conditions the single-chain behavior itself shows, at decreasing 
Q-values, a crossover from ordinary Zimm relaxation (Q(Q) ~ Q^) to an 
intramolecular microgel mode (Q(Q) ~ Q), which is due to the occurrence of 
self-entanglements 
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Fig. 66. Concentration dependence of r|H(c)/r|s: • result of seperate fits; o results of viscosity 
measurements on PDMS solutions (M„ 7400). The result of the simultaneous fit considering the 

linear term in t|h(c) T|o(1 [tl]c kn [ t]]^c^) is given by the solid /ine; the inclusion of a quad- 
ratic term leads to the dashed line. The point-dashed line indicates the macroscopic viscosity for 
M 60000 g/mol. (Reprinted with permission from [40], Copyright 1984 American Chemical 
Society, Washington) 



5. The crossover from the single to the many-chain relaxation (Q(Q) ~ Q^), 
which is expected to follow at further decreasing Q-values, has not yet been 
detected by the NSE technique 

6. With respect to the screening of hydrodynamic interactions, one is con- 
fronted with the occurrence of a multiple-transition behavior. Instead of the 
expected crossover from ordinary (unscreened) Zimm to enhanced Rouse 
relaxation, one observes, at increasing concentrations, additional transitions 
from enhanced Rouse to screened Zimm and from screened Zimm to en- 
hanced Rouse relaxation. This sequence of crossover effects are highly indica- 
tive of an incomplete screening of hydrodynamic interactions. 



5.5 Semi-dilute Solutions of Polymer Blends and Block Copolymers 

5.5.1 Theoretical Outline — The Interdiffusion Mode 

Using the random phase approximation (RPA), the coherent scattering intensity 
Icoh(Q, t) of a polymer blend/solvent or a diblock copolymer/solvent system can 
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be written as [169, 170] 



Icoh(Q,t) Ace A,e (138) 

Qc(Q) and Qi(Q) are the characteristic frequencies attributed to the cooperative 
and the interdiffusion modes, respectively. In the case of the copolymer solvent 
system, the interdiffusion mode originates from the relative motion of one block 
with respect to the other. 

For both systems Ac becomes zero if the condition of zero average contrast 

(Pm Ps)x (Pm Ps){1 x) 0 
or 

p»x p°(l X) ps (139) 

is fulfilled. In these relations, Pm Ps Ihe coherent scattering lengths per 
unit volume of the protonated and the deuterated monomers and the solvent, 
respectively, x is the mole fraction of one of both blocks or homopolymers. 

For the special case of a symmetric (x 1/2) diblock copolymer. A, is 
given by 

Ar ^ '"^ J(Pi/2(Q) Pt(Q)). (140) 



n is the number of copolymer chains per volume; N is the total degree of 
polymerization; Pi/ 2 (Q) and P(Q) are the form factors for each block and the 
total copolymer chain, respectively, which are normalized to unity at Q 0. The 
derivation of Eq. (140) is based on the additional assumption that both blocks 
are geometrically symmetrical (same radius of gyration) and that the x-para- 
meter between the two monomeric species is zero. For the polymer blend/ 
solvent system comparable to the copolymer/solvent system, (140) has to be 
replaced by 

A™ nN^f P^ ^ P(Q). (141) 



In the absence of hydrodynamic, thermodynamic or topological interactions, 
the corresponding characteristic frequencies Q^’’(Q) and QP’’(Q) in the 
regime Q<Rg>^^^ 1 are derived from Eq. (94) assuming p(Q) N/^ (Rouse 

dynamics) 



Qf’’(Q) 



Q" 



ksTN 1 

^ N^(Pi/2(Q) 



P(Q)) 



6Do 

<Rg> 






(142) 
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and 



qhp (q) q2 ^bTN 1 

I ^ ^ N2P(Q) 



1 



Q"Do(l 



with Do kBT/(N^). 



(143) 



5.5.2 NSE Results from Polymer Blends and Block Copolymers 

NSE measurements at zero average contrast conditions on a symmetric diblock 
copolymer of H-PS and D-PS dissolved in an appropriate mixture of proto- 
nated and deuterated benzene are reported [171, 172]. The measurements were 
performed at different concentrations c c*. For comparison, the interdiffusion 
of a corresponding blend of H-PS and D-PS homopolymers dissolved in 
deuterated benzene was studied, too [171], Owing to the relatively low molecu- 
lar masses, only the regime Q <Rg > ^ 1 was accessible, and the internal modes 
could not be probed. 

Figure 67 shows Qi(Q)/Q^ vs. Q for both systems. As expected from Eqs. 
(142) and (143) their behavior is completely different. One can see that a pro- 
nounced divergency occurs at small Q-values in the semi-dilute block 
copolymer solution. If Q](Q)/Q^ is analyzed in terms of a generalized mobility 
p(Q) [see Eq. (94)], Fig. 68 results from the different concentrations of the 
diblock copolymer solution. Q(Q) varies both with Q and with c. In particular, 
the Q-dependence is indicative of the non-local character of the mobility and 
incompatible with the assumption of a pure Rouse type of dynamics. The 




Fig. 67. Experimental variations of the inter- 
diffusion coefBcient OhQVQ^ as a function of 
Q at the total polymer concentration 
c 0.34 g/cm^ for the two investigated sytems: 
(*) diblock copolymer PSD-PSH 561/ben- 
zene d-benzene; (•) mixture of homo- 
polymers PSH155/PSD425/d-benzene. The solid 
lines are visual aids. (Reprinted with permission 
from [171]. Copyright 1989 American Chemical 
Society, Washington) 



Qx10’^(A''') 
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Fig. 68. Mobility |x(Q,c) as a function of Q [172] at concentrations c in g/cm^. (A) c 15.410''^; 
(□) c 24.610“^; (*) c 41.110'^; ( ) c 48.410“^. (Reprinted with permission from [172], 

Copyright 1991 American Chemical Society, Washington) 



question, whether hydrodynamics and/or other, e.g. thermodynamic, interac- 
tions are responsible for this effect, has not yet been answered. In this connection 
it would also be helpful to consider the influence of incompletely screened 
hydrodynamic interactions (see Sect. 5.4.2) on the relaxation of semi-dilute 
diblock copolymer solutions. 



5 . 6 Collective Diffusion of Tethered Chains 

When an A-B diblock copolymer is added to a selective solvent, aggregation 
analogous to the micellization of surfactants occurs and large areas of tethered 
chains are achieved. The outer of the polymeric micelles containing the soluble 
blocks have a structure similar to the outer regions of a multi-arm star. They 
may also be viewed as polymeric brushes on spherical surfaces. According to de 
Gennes [173], the dynamics of an adsorbed polymer layer, having a density 
related to that of a semi-dilute solution of linear chains, is determined by the 
balance of a restoring force, resulting from the osmotic pressure gradient and 
a viscous force exerted on the polymer owing to its motion with respect to the 
background of solvent. As a consequence of the semi-dilute regime the osmotic 
compressibility E and the viscous force coefficient r\lif only depend on the 
correlation length which scales with the local monomer concentration c as 
^ [4]. 
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Because of the spherical shape of the PS-PI micelles, the equation of motion 
for the local displacement u(r, t) of the normal or breathing modes, where all the 
radical shells or layers move in phase, is given by the radical part of 

grad[E(r)divu] (144) 

with ^ ~ r and E ~ [170]. The solutions of (144) have a simple exponen- 

tial decay, 

u,(t) Ur,„(r)exp {t/x„}. (145) 

The eigenvalues l/i„ a bn^, n 0,1,2 and Ur,„, the eigenmode functions 
for the displacement, are determined by the boundary conditions Uj(0) 0 and 

du/dr 0. 

The related dynamic structure factor directly reveals this time dependence 
and exhibits a multipotential time behavior with a fast initial decay followed by 
a slowly relaxing tail over longer time periods. 

Figure 69 presents typical NSE spectra of such a system [174]. They were 
obtained from a 2% diblock copolymer (perdeuterated PS and protonated PI 
blocks) d-n-decane solution. The molecular masses of PS and PI were 10000 
and 7500 g/mol, respectively. The solvent selectively dissolves PI but not PS. In 




Fig. 69. NSE spectra of 2% diblock copolymer (d-PS and h-PI blocks) in deuterated n-decane. 
The Q/A“' values are: □ 0.026, V 0.032, * 0.038, x 0.051, O 0.064, A 0.089, O 0.115. Experimental 
data and theoretical dynamic structure for breathing modes are compared (so/id /mes). (Reprinted 
with permission from [174]. Copyright 1993 The American Physical Society, Maryland) 
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t/ns 

Fig. 70. NSE spectra for 2% linear h-PI in deuterated n-decane at Q/A“ ^ values of 0.064 (•), 0.089 
(□) and 0.115 (♦). The solid lines represent a common fit with the dynamic structure factor of the 
Zimm model (see Table 1) neglecting possible effects of translational diffusion. (Reprinted with 
permission from [174]. Copyright 1993 The American Physical Society, Maryland) 



addition, when it is perdeuterated, it matches the scattering length density of the 
PS core so that the contrast is set up. On average, each individual aggregate is 
composed of 120 chains and has a hydrodynamic radius of 150 A, whereas the 
radius of the core is 80 A. For comparison, the NSE spectra of a corresponding 
2% solution of PI homopolymers 17500 g/mol) are also shown (see 

Fig. 70). While the relaxation of the Pl-solution is well described by the Zimm 
model (see Sects. 5.1.1 and 5.1.2), the dynamics of the Pl-corona behaves 
completely differently. These differences are indicative of an altered physical 
origin of the underlying motional process. The spectra are characterized by 
a multiexponential decay function and follow quite well the predictions derived 
for the breathing mode of chains tethered on a spherical surface. 

More detailed investigations with planar brushes, obtained from A-B block 
copolymers, where one component is able to crystallize on the surface of crystal- 
line PE cores of platelet-like aggregates, have been reported recently [175]. 



6 Conclusion and Outlook 



This article gives a comprehensive review of NSE investigations performed on 
the large-scale motion of polymers of various architectures in melts, networks 
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and solutions. The method of quasi-elastic small-angle scattering by NSE gives 
access to the dynamics on the scale of segmental diffusion and allows us to test 
different microscopic length and time scales and to investigate predictions of 
universal behavior. The experimental data presented here demonstrate the 
uniqueness, the power and the efficiency of the NSE technique but also show its 
limits. These limits, which in particular concern the narrowness of the time 
window and the time spent on measuring the spectra at different Q-values step 
by step, will be overcome by the next generation of NSE spectrometers, which 
are becoming operational now at the Forschungszentrum Jiilich and at the ILE 
in Grenoble. 
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“Smart” polymer gels actively change their size, structure, or viscoelastic properties in response to 
external signals. The stimuli-responsive properties, indicating a kind of intelligence, offer the 
possibility of new gel-based technology. The article attempts to review the current status of our 
knowledge of electromechanical effects that take place in smart polymer gels. Deformation and the 
mechanism of polyelectrolyte gel behavior in electric fields are first studied experimentally and then 
theoretically. In particular, the swelling or bending is discussed in detail. Particulate composite gels 
whose modulus of elasticity can vary in electric fields are revealed as a new smart material. The 
driving force causing varying elastic modulus in electric fields is explained by a qualitative model 
based upon polarized particles. Finally, applications of the two electromechanical effects are 
presented. 
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1 Introduction 



Polymer gels consist of a crosslinked polymer network and a solvent. Recent 
advances in polymer gels relate to stimuli-responsive properties [1]. It is well 
known that polymer gels in a solution swell or deswell when subjected to 
external stimuli such as changes in pH and temperature, or light. Ionic hydro- 
gels show a discontinuous volumetric change (a first-order phase transition), 
above a certain threshold of an external stimulus [2, 3]. At the phase transition 
point, the ratio of the volumes of the collapsed and swollen phases can be as 
large as several hundred. These phenomena suggest that the size and viscoelas- 
ticity of polymer gels may be controlled by the magnitude of the external signals 
inputted. An electric field is an example of a stimulus that induces a volumetric 
change in a polymer gel. Because the electric field is the most conventional 
stimulus from the point of view of signal control, the electric field-responsive 
behavior may encourage us to fabricate smart gel-based devices such as sensors, 
actuators, membrane separation devices, drug delivery devices, and vibration 
isolators. 

In this article, I would like to review two types of smart behavior of polymer 
gels associated with electric fields. One is the deformation of polyelectrolyte gels 
induced by electric fields (Sects. 2 and 3). The mechanism of deformation will be 
discussed. The other concerns electrical control of the mechanical properties of 
gels. Sections 4 and 5 discuss several composite gels whose elastic modulus can 
vary in electric fields without a volumetric change. Magnetic field-responsive 
composite gels are also presented. Section 6 describes the applications of the two 
types of smart behavior of gels. 



2 Deformation of Polyelectrolyte Gels in Electric Fields 



Electric field-induced deformation of polyelectrolyte gels has attracted much 
attention because of the property of smartness. If the size and shape of gels can 
be controlled as we hope, this may open a new door for gel technology. In this 
Section, studies on electric field-induced deformation of gels will first be 
surveyed. 



2. 1 Progress of Research 

The electric field-induced deformation of polyelectrolyte gels was first reported 
by Hamlen et al. in 1965 [4]. They observed that an ionic PVA gel fiber, which 
was placed touching the anode in a 1% NaCl solution, shrank at the anode side 
as a result of an applied dc EMF of 5 V. When the polarity of the applied voltage 
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was changed, the deformed gel swelled to the starting size in the absence of an 
electric field. They explained that the shrinking of the gel at the anode side in 
electric fields resulted from a change in the chemical structure of the polymer 
network due to a pH change near the anode. Based upon the work conducted by 
Hamlen et ak, an electrically-activated artificial muscle system using weakly 
acidic contractile polymer gels sensitive to pH changes was fabricated in 1972 
[5]. Tensile forces on the order of 10 g have been measured during the process of 
shrinking. An artificial muscle using collagen, which is a typical protein poly- 
electrolyte, has also been proposed [6]. The kinetics of oscillatory tensile forces 
in collagen membranes under ac electric fields have been analyzed [7]. Similar 
shrinking deformation of polyelectrolyte gels induced by a pH change in electric 
fields has been studied by other workers [8, 9]. 

In 1982, Tanaka et al. attempted an electric field-induced phase transition of 
a partially hydrolyzed polyacrylamide (PAAm) gel in a mixed solvent of 50% 
acetone-50% water [10]. The ionic gel showed a phase transition at this acetone 
concentration. The swollen gel near the phase transition point, which was 
sandwiched between two electrodes, shrank at the anode under the influence of 
the dc electric fields. They interpreted the phenomenon as the electric held 
pushing and squeezing the anode side of the gel. Hirotsu observed a shrinking of 
ionic gel beads near the phase transition point under dc and ac excitations [11]. 
Moreover, a unique motion was detected in the shrinking process. The volume 
of the gel did not decrease monotonically with time. During the shrinking, the 
gel underwent repeated shrinking and swelling. He pointed out that the complex 
behavior of the gel was associated with ion drift. 

In 1985, a new deformation of a gel in an electric held was reported. Shiga 
and Kurauchi found that, if the gel is placed at a fixed position separated from 
two electrodes, a poly(sodium acrylate) (PAANa) gel, which was the same 
specimen as Tanaka’s gel in an NaOH solution, swells at the anode side under 
a dc electric held [12]. The concentration of NaOH in the surrounding solution 
strongly affects the aspect of deformation. When the concentration of NaOH is 
high, the gel swells at the anode side in the presence of an electric held. In 
contrast, when the concentration is low, the gel shrinks at the anode side. 
Because the observed swelling or shrinking is a differential deformation, a rect- 
angular gel which is placed parallel to two electrodes bends like a bimetal under 
dc electric fields. The direction of bending depends on the concentration of 
NaOH. They explained that the swelling deformation occurs through a change 
in the osmotic pressure due to the ionic distribution inside and outside the gel 
under the electric field [13]. The ionic distributions have been calculated using 
the Nernst-Planck equation [14]. A bending deformation has also been ob- 
served in a PAAm gel containing triphenylmethane leuco derivatives when light 
and an electric field are utilized together [15]. When light is irradiated on the 
gel, the leuco derivatives are dissociated. Because the gel changes from nonionic 
to ionic, the gel displays a similar bending behavior when subjected to an electric 
field. A weakly crosslinked poly(2-acrylamide-2-methylpropane) sulfonic 
(PAMPS) gel in a solution of «-dodecylpyridinium chloride also shows bending 




Deformation and Viscoelastic Behavior of Polymer Gels in Electric Fields 



135 



due to a differential shrinking at the anode side, which is caused by the 
interaction between the negative charges of the polymer network and the 
positive charges of the surfactant [16]. 

The electrolysis of water plays an important role in the above-described 
shrinking and swelling of gels in electric fields. However, because it involves 
a disadvantage for designing smart devices, i.e., gas formation, the deformation 
of gels without the electrolysis of water has been studied. A complex microgel of 
polymethacrylic acid (PMAA) and Ca^"^ on a polypyrrole (PPy) electrode 
shrinks in response to a small voltage of less than 1 V [17]. Poly (3-alky- 
thiophene) (P3AT) is a soluble conjugated polymer. The P3AT gel swollen in 
a nitromethane solution of (C 4 H 9 ) 4 NC 104 also shows an electric field-asso- 
ciated shrinking. The P3AT touching the anode shows not only deformation but 
an electrochromatic phenomenon due to the action of the electric field [18]. 

With regard to the response time of the gel, polyelectrolyte gels require 
seconds to minutes to deform in electric fields. Needless to say, the deformation 
speed depends on the thickness of the gel and the intensity of the applied field. In 
1993, a fast-responsive gel was found by Nanavati and Fernandez. A secretory 
granule gel particle obtained from beige mice and having a diameter of 3 pm at 
negative potentials was transparent and swollen within milliseconds of the 
application of an electric field of 5000 V/cm [19]. 



2.2 Swelling, Shrinking, and Bending 

Understanding the elements which affect the deformation in electric fields is 
important in designing gel devices. In Sect. 2.2, the aspects of deformation of 
PAANa gel, which is a typical negatively charged polyelectrolyte gel having 
ionizable -COO^Na"^ groups, are reviewed. In particular, the deformation of 
PAANa gel in a solution of monovalent cations is described. 

Table 1 shows the observed deformation of a PAANa gel block in dc electric 
fields. The surrounding solutions used in Table 1 are aqueous hydrochloric acid, 
water, NaCl solution, or NaOH solution. The swelling ratio of PAANa gel is 
affected by the pH of the surrounding solution. The swelling ratio in an alkaline 
region is much larger than that in an acid region. This is because PAANa gel 
having ionic COONa groups, a strong electrolyte, changes to PAA gel with 
COOH groups, a weak electrolyte. 

I will first discuss the effect of pH on the deformation of PAANa gel which is 
placed so as to touch the anode. As shown in Table 1, the deformation observed 
involves only shrinking at the anode side in each solution. It is independent of 
the pH of the surrounding solution. The ratio of deformation with and without 
applied fields depends on the nature of the surrounding solution. PAA gel in 
aqueous hydrochloric acid shrinks slightly under an electric field. 

When the gel is placed so as to be separated from the electrodes, the pH of 
the solution affects the degree of deformation. In alkali and acid regions, both 
PAANa and PAA gels swell at the anode side on application of electric fields. 
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Table 1 Deformation of Poly(sodium acrylate) Gel in Electric Fields 




The deformation in neutral solutions is interesting. A PAANa gel in water 
shrinks at the anode side, but swells and then shrinks in an NaCl solution. It is 
suggested that the salt in the solution plays a key role in the swelling. 

Let us consider a rectangular gel which is placed so as to be separated from 
the electrodes. When the gel is placed parallel to the electrodes, the electric field 
leads to a new deformation, bending, as shown in Fig. 1. The gel bends toward 
the cathode in HCl, NaCl or NaOH solutions. In contrast, a PAANa gel in 
water bends toward the anode in an electric field. The bending deformation may 
be due to the bimetallic principle of anisotropic swelling or shrinking at the 
anode side. The PAANa gel (70 mm length, 7 mm width, 7 mm thickness) in 
Fig. 1 bends semi-circularly in 80 s in a 0.02 mol/L NaOH solution on the 
application of an electric field of 10 V/cm. In the semicircular deformation, the 
gain in weight is 20%. The increase in weight is proportional to the square of 
the strain in bending. When a negative field is applied, the gel straightens at the 
same speed as the bending action. When it returns to the rectangular state, the 
gel expels water and reverses to its initial size. The deformation speed is 
proportional to the intensity of the applied field. It also depends on the thickness 
of the gel. A 1-mm thick gel bends semicircularly in two seconds under 10 V/cm. 

In conclusion, the type of deformation induced by an electric field depends 
on the pH of the surrounding solution, the salt concentration, the position of the 
gel relative to the electrodes, and the shape of gel. 
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Fig. 1. Bending motion of PAANa gel in dc electric fields. PAANa gel in an NaOH solution swells 
at the anode side and bends toward the cathode like a bimetal 



2.3 Mechanism of Deformation 

2.3.1 Swelling 

Shiga and Kurauchi have explained that the swelling deformation of a PAANa 
gel is qualitatively induced by a change in the osmotic pressure based upon 
a difference in mobile ion concentrations between the inside and the outside of 
a gel [13]. A change in the osmotic pressure under an electric field has been 
calculated as follows. 

According to Flory’s theory [20], the osmotic pressure due to ionic distribu- 
tion 7t is given by the following equation, 

t: P Ci„ E cl) (1) 

where R is the Boltzmann constant, the temperature, C\„ the concentration of 
mobile ion i in the gel, and C^„, the concentration of mobile ion j in the 
surrounding solution. 

Shiga and Kurauchi have predicted that the swelling deformation of a gel in 
an electric field is caused by an increase in Flory’s osmotic pressure. In order to 
prove this mechanism, the change in the osmotic pressure under an electric field 
has been calculated using a simple model for ion transport. The gel and the 
surrounding solution have been divided into four phases, the A phase (solution 
at the anode), B phase (gel at the anode), C phase (gel at the cathode), and 
D phase (solution at the cathode). A mobile cation in a dc field moves toward the 
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cathode, and so the ion transport of a cation from A phase to B phase is 
expressed using Eq. 2. Eq. 2 has been derived from the fact that the concentra- 
tion of Na"^ in the A phase decreases linearly with time during deformation. 

C(t) Co(l ht) (2) 

Elere Co is the concentration of a cation in the A phase before the application of 
an electric field, and h is the transport rate of the cation from the A to B phases. 

The concentrations of the cation for the four phases have been calculated as 
follows. 
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where is the concentration of the counterion in the gel and ; the volume of 
the i phase. In Eq. 2, the second term on the right represents cations which come 
in from the A phase. In Eq. 3, the second and third terms on the right represent 
cations from the A and B phases, respectively. The second or third terms on the 
right side of Eq. 4 represent cations which come in from the B and C phases. The 
fourth term represents cations from the A phase. In Eqs. 3-6, the assumptions 
are as follows. 

1. The transport rate h is constant everywhere. 

2. The concentration gradient in each phase disappears quickly and the concen- 
tration becomes uniform. 

3. Strong interaction or chemical reaction between mobile cations and nega- 
tively charged fixed polyions in gel cannot occur. 

4. Cations are not dissipated at the cathode. 

5. The effects of diffusion of cations due to a concentration gradient or of the 
convection of cations and solvent are very small. 

The concentrations of a mobile anion in each phase are calculated in the 
same way as described in the case of the cation. 
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Eqs. 7-10 include the same assumptions as those listed above, excluding as- 
sumption 4, and the following assumptions are added: 

6. Anions in the gel may not exist in the absence of an electric field. 

7. Anions vanish from the solution at the anode. 

8. The dissipation rate of the anion at the anode is equal to the transport rate of 
the anion (h). 

Because mobile anions cannot exist in the gel before application of a dc 
electric field, we may discuss only the movement of mobile anions in a solution. 
The first term on the right side of Eqs. 7-9 displays anions which come in from 
the D phase. In Eq. 7, the first and second terms on the right contain the 
dissipation of anions at the anode. 

Flory osmotic pressures at the anode and cathode sides have been calculated 
using Eqs. 3-10. In a system of i cations and j anions, the osmotic pressures are 
given by a summation of Eqs. 3-10. When d7t/dt 0 in an electric field, the gel 
swells. It shrinks when dn/dt 0. When n at the anode side becomes larger than 
that at the cathode side, the gel bends toward the cathode. 

Consider the case of the swelling deformation of a PAANa gel (7 mm thick 
X 70 mm length) in an NaOH solution under a dc electric field of 10 V/cm. In 
this system, the mobile ions are Na"^, H^, and OH“. As mentioned above, the 
7 mm-thick gel bends semicircularly in 80 s at 10 V/cm. Assuming that it is given 
by multiplying the mobility of Na"^ in water by the intensity of the applied field, 
the drift velocity of Na"^ under 10 V/cm is estimated as follows. 

V 5 X lO”"'' (cm^ sec“^ V“^) X 10 (V/cm) 5x10“^ cm/sec 

Thus 140 s are required for Na^ in the A phase to come across the 7 mm-thick 
gel. Therefore, Na^ in the A phase may perhaps move to the C phase during the 
swelling deformation. This means that the fourth term on the right hand side of 
Eq. 6 can be neglected. 

In Fig. 2, the distributions of mobile ions without and with electric fields are 
displayed. In each phase, electrical neutrality must be maintained, and so the 
concentrations in the gel and in the surrounding solution are given by the 
following equations. 

Solution Cf,ja Ch Cqh (H) 

Gel Cn3 Ch Cp CoH (12) 

where Cp is the concentration of the polyion in the gel. In addition, the solubility 
product of and OH“ must be kept constant (Eq. 13). 

ChxCoh 10-'^ (13) 

Cns is much larger than Ch, and the mobile cation is therefore only Na"^ 
both in the gel and in the solution before application of an electric field. The gel 
has no mobile anion before application of the field (Fig. 2, left). 
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Fig. 2. Ionic distributions in the PAANa gel and in the surrounding NaOH solution with or without 
dc electric fields. The gel and solution are divided into four phases which are called, in turn, A, B, C, 
or D phases from the anode side 



When an electric field is applied, Na^ drifts toward the cathode. Therefore 
the concentration of Na"^ in the A phase decreases with time. The concentration 
of Na"^ in the B phase also decreases with time (Fig. 2, right). In order to 
maintain electrical neutrality in the B phase, is provided from COOH 
groups. On the other hand, the concentration of Na^ in the C phase remains 
constant under an electric field. The concentration of Na^ in the D phase 
increases with time. OH “ should be provided to maintain electrical neutrality in 
each phase. As shown in Fig. 2, we should focus mainly on the concentrations of 
Na"^ and H"^. The osmotic pressures at the anode and cathode sides at a time 



t are given by Eqs. 14 and 15. 
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where CNa,; represents the concentration of Na^ in the i phase (i A, B), and 
a is the dissociation constant of COOH. The second term on the right hand side 
of Eq. 14 represents the concentration of COO^H"^ in the B phase, which has 
been produced from the drift of Na"^. In Eq. 14, a factor of 2 in the third term 
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indicates that the mobile ions are Na^ and OH“. That of 2 in Eq. 15 has the 
same meaning. In Eqs. 14 and 15, we have assumed that b a d- 

The osmotic pressures in Eqs. 14 and 15 have been calculated using 
CNa.B 4.41 X 10“^ mol/cm^, Cns.a 1.0 x 10“^ mol/cm^, h 5.08 x 10“"''(s“^), 
a/ b 4, and a 0.1. Cns.b was determined by the fraction of AANa in the 
preparation of gel and the swelling ratio of the observed gel. Parameter h was 
calculated by measuring the time dependence of the concentration of Na"^ in the 
D phase. Fig. 3 indicates the osmotic pressures at the anode and cathode sides 
calculated from Eqs. 14 and 15. Because the osmotic pressure at the anode side 
increases with time in an electric field, the gel is found to swell at the anode side. 
Because the osmotic pressure at the anode side becomes larger than that at the 
cathode side, the PAANa gel in an NaOH solution bends toward the cathode 
under the dc electric field. The value of n/R at t 0 was determined using the 
experimental data for Cns.b and Cns.a, and therefore the calculated results in 
Fig. 3 may be quite accurate. As shown in Fig. 3, n at the cathode side decreases 
with time, and so the gel should shrink. Experimentally, there has been no report 
of shrinkage at the cathode side. It will be interesting to check this point 
experimentally. The swelling deformation of a PAANa gel in an NaCl solution 
or in aqueous hydrochloric acid under an electric field has been interpreted 
using an increase in Flory’s osmotic pressure. 

Doi and his coworkers have proposed a semiquantitative theory for the 
swelling behavior of PAANa gels in electric fields [14]. They have considered 
the elfect of the diffusion of mobile ions due to concentration gradients in the gel. 
First of all, the changes in ion concentration profiles under an electric field have 
been calculated using the partial differential Equation 16 (Nernst-Planck equa- 
tion [21]). 



dci 

dt 




Ui ^ {Eci) 
OX 



(16) 



where D is the diffusion constant of the mobile ion, u the mobility of the ion, and 
E the intensity of the applied field. In an equilibrium state, the discontinuity in 
the ionic concentrations and the electric potential at the gel-solution boundary 




Fig. 3. Osmotic pressures at the anode and 
cathode sides under dc electric fields. The 
osmotic pressures are caused by a difference 
in ion concentrations between the inside 
and outside of the gel 
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are determined by the Donnan theory. If an electric held is applied, the system is 
not in equilibrium, and in general the Donnan theory is not valid. The perturba- 
tion from the equilibrium state, however, is very small, and so it has been 
assumed that the Donnan condition is always satished (Eq. 17). They have also 
considered the continuity in the ionic currents at the gel-solution boundaries 
(Eq. 18). 



Cig/Cfa 


exp{ z;((/). 






(17) 




fix ) 




Z; c,g for i A, B 


(18) 



where C,g and C,s are the concentrations of mobile ion i in the gel and in the 
solution, z the charge of mobile ion i, and 0 the nondimensional electrical 
potential. It is assumed that the diffusion constant of ion i in the solution is equal 
to that in the gel. Finally, they have combined the calculated results of the ion 
concentrations with Flory’s theory (Eq. 1) and have obtained a time dependence 
of 71. The profiles of ion distributions at a point x in gel are described at a time t. 
The obtained results have predicted that the swelling behavior is governed by 
the change in osmotic pressure due to a difference in ion concentrations between 
the inside and the outside of the gel. 

In addition, these authors have discussed the deformation of a PA AN a gel 
placed in contact with the cathode in a dc electric field. Because there is no 
interaction between the gel and the cathode, the gel swells at the anode side, as 
observed in the gel separated from the electrodes. It is concluded that the gel 
also swells at the anode side under an electric field. 



2.3.2 Shrinking 

The shrinking deformation of a PAANa gel touching the anode in water is first 
discussed. This may be the same as that observed in a mixture of 50% acetone- 
50% water by Tanaka et al. [10]. These workers have proposed that the 
shrinking is induced by electrostatic forces between the anode and the negative 
charges of polyions in the gel. This explanation, however, is questionable, 
because Tanaka with Hirose have calculated a change in pH gradient in the gel 
under a stationary electric field using Eq. 16 and have proposed that the 
shrinking is induced by a pH gradient in the gel later on [22]. As the pH at the 
anode side decreases with time, a change in the chemical structure of PAANa to 
PAA occurs in an electric field, and a drastic volume shrinkage will then occur. 

The shrinking of a PAANa gel touching the anode in an NaCl solution is the 
same phenomenon as that reported by Hamlen et al. When an electric field is 
applied, Cl“ ions concentrate near the anode. Therefore, the pH at the anode 
decreases with time, and the pH change undoubtedly leads to a change from 
a PAANa gel to a PAA gel. 
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The shrinking of a PAANa gel touching the anode in an NaOH solution has 
been analyzed by Doi et al. [14]. They have calculated the osmotic pressure at 
the anode side using Eq. 16. At the anode, ions are produced by the 
electrolysis of water, and this suppresses the dissociation of carboxyl groups 
near the anode. As a result, n at the anode side decreases very quickly. Thus the 
gel shrinks when it is kept in contact with the anode. 

There are two explanations for the small shrinkage in hydrochloric acid. One 
is that the deformation may be caused by the electrostatic forces between the 
anode and the negatively charged polyions in the gel. The other relates to the 
screening elfect of COO^TE^ by Cl” which comes in from the D phase. As a large 
number of Cl” ions restrain interactions between COO”H^, the gel will shrink. 

The deformation of a PAANa gel in water, placed to separate two electrodes, 
has been studied by Shiga et al. [23]. UV spectra of a PAANa gel at the anode 
side have been measured with and without an electric field. The absorption of 
COONa decreases with time in an electric field, while that of COOH increases. 
The shrinking has been concluded to occur through a change in the chemical 
structure of PAANa to PA A. 

In Sects. 2.2 and 2.3, the electric field-induced deformation of a PAANa gel 
and its mechanism in a solution of a monocation have been discussed. The 
observed swelling or shrinking is associated with the drift of mobile ions. The 
swelling may be caused mainly by increasing osmotic pressure due to a differ- 
ence in mobile ion concentrations between the inside and the outside of the gel. 
In contrast, a change in the pH gradient plays a key role in the shrinking. It may 
lead to a change in the chemical structure of COONa to COOH, with a drastic 
change in volume. 



3 Complex Deformation of Ionic Gels in Electric Fields 



In this Section, we describe two complex deformations due to electric field- 
associated swellings. One is the bending of a hybrid gel consisting of a PVA- 
PAA gel rod and a PVA film in dc fields. The hybrid gel has been used to 
fabricate a smart gel finger. The other is the vibration of PVA-PAA gel film in ac 
fields. This new deformation suggests a gel having a fast response on the order of 
100 ms. 



3. 1 Bending of a Hybrid Gel 

On freezing and subsequent thawing, an aqueous solution of PVA changes to 
a PVA gel [24]. According to X-ray diffraction and pulsed NMR studies 
[25, 26], the gelation of PVA solution is based upon microcrystallization of PVA 
chains as crosslinked domains. When the freezing and thawing process is 
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repeated, the elastic modulus of the prepared gel increases with the number of 
repetitions. The obtained PVA gel has a relatively high tensile strength and high 
elasticity. However, the PVA gel exhibits no response to an electric field, because 
it has no ionizable groups. “Ionic PVA gel” (PVA-PAA gel) has been synthesized 
by repeatedly freezing and thawing a mixture of PVA and PAA [27]. The 
PVA-PAA gel in an NaOH solution under a dc electric field swells at the anode 
side and bends toward the cathode like a PAANa gel [28]. However, it has 
recently been found that a PVA-PAA gel bends toward the anode when it is 
covered with a thin PVA gel film having a thickness of 500 pm [29]. In this 
Section, we will discuss why such a hybrid gel bends toward the anode in an 
electric field. 

Figure 4 indicates the relationship between strain in bending and weight 
change of a gel in an electric field. Although the gain in weight for the hybrid gel 
is smaller than that for a PVA-PAA gel, the bendings of both PVA-PAA and 
hybrid gels are found to be caused by a differential swelling. The main difference 
between them is the direction of bending. Shiga et al. have attempted to explain 
this complex behavior by calculating the osmotic pressure associated with the 
concentrations of mobile ions [29]. They have considered that the swelling 
behavior of the hybrid gel in an electric field may perhaps occur at the cathode 
side. 

Let us start with the equations for the osmotic pressures at the anode and 
cathode sides (Eqs. 14 and 15). These are as follows. 
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Fig. 4. Strain in bending versus weight change in 
hybrid gel (O) and PVA-PAA gel (•). The weight of 
both gels increases in an electric field 
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where Cb is the concentration of the counterion in the gel. In Eqs. 19 and 20, h' 
represents the transport rate of Na^ from solution to gel or from gel to solution. 
The fraction of water in the PVA gel film of the hybrid gel is 78%, while that in 
a PVA-PAA gel rod is 93%. The authors have therefore predicted that h' is 
smaller than h (transport rate of Na^ from gel to gel). 

Figure 5 shows the calculated results for the cases of h h (O, •) and 
of h' h/5 (□, ■). The osmotic pressures have been calculated using 
C^Na.A 2.0 X 10“® mol/cm^, Cb 8.0 x 10“® mol/cm^, and h 5.08 x lO”"'' s“^. 
Cb was obtained from the fraction of PAA in the preparation of the gel and the 
swelling ratio of the PVA-PAA gel. We used the same value of h in Sect. 2.3.1. 
When h' h, indicating a PVA-PAA gel, n at the anode side (O) increases with 
time in an electric field. The parameter n at the cathode (•) increases slightly. 
Thus, the gel should swell and bend toward the cathode. The result is in 
agreement with the experimental results for a PVA-PAA gel. When h' h/5, the 
osmotic pressure at the anode side (□) decreases with time while that at the 
cathode (■) increases. Because the gain in the osmotic pressure at the cathode 
1 7t(t)/7t(0) I becomes larger than that at the anode, the gel should swell at the 
cathode side and bend toward the anode. The case of h h/5 may qualitatively 
correspond to the deformation of the hybrid gel. The relationship h' h/5 
means that the PVA gel film prevents the transport of mobile ions from solution 
to gel. Therefore, to summarize, the bending behavior of the hybrid gel is based 
upon a swelling at the cathode side due to a difference in the concentration 
between mobile ions on the inside and those on the outside of the gel. 



3.2 Vibration of Gel Film 

If the bending of a gel in an electric field is regarded as a three-point mechanical 
bending of a uniform cantilever, the strain in bending is given by e 6D / ^ 
{D: thickness of gel, : length of gel before application of the electric field, : 
deflection of bending). The strain in bending is experimentally proportional to 




Fig. 5. Time dependence of osmotic 
pressures at the anode and cathode 
sides in the hybrid gel. The parameters 
h and h' represent the transport rates of 
Na^ from solution to gel and from gel 
to gel, respectively. When h' h/5, the 
gel shows anisotropic swelling at the 
cathode side and bends toward the 
anode side 
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the difference in the osmotic pressures between the anode and the cathode sides 
An. Therefore, the relationship between An and e is described as follows. 

An ^anode ^cathode hf) £/ (21) 

where E is the elastic modulus of gel. When the electrical power applied is 
constant, in other words, when d7t is constant, a thinner gel shows a larger 
deflection or a higher response. It will therefore be expected that a thin gel 
responds to ac excitation. It is effective for a gel to become slender. The electric 
fleld-associated deformation of PVA-PAA gel with a diameter of the order of 
1 mm has been studied [30]. The PVA-PAA gel of 1 mm diameter bends 
semicircularly and straightens in an electric held of 0.5 Hz. In this section, we 
will discuss the deformation of PVA-PAA gel Aims with thicknesses of less than 
1 mm under ac excitation. 

Figure 6a shows an experimental setup for the measurements of deformation 
of the PVA-PAA gel Aims (10 mm width x 40 mm length) under ac electric fields. 
The gel film fixed on a load cell was immersed in a 10 mM Na 2 C 03 solution. An 
ac electric field of 15 V/cm and a frequency of 0.1-20 Hz was then applied across 
the gel film between two electrodes. The deformation behavior of the gel films in 
electric fields was monitored by a video camera [31]. Figure 6b indicates the 
deformation of a 0.41 mm-thick gel under ac excitation. Like the PAANa gel, 
the PVA-PAA gel film shows a bending-straightening motion when subjected to 
electric fields of less than 1 Hz. However, it begins to wave or vibrate under 
signals of 2 to 5 Hz. With a 2 Hz signal, two nodes were observed at x 0 and at 
X 0.75 L (x: distance from the fixed point, : length of the film). There are two 
antinodes with a deflection of 2 mm at x 0.52 and x 1.0 . As seen from 
Fig. 6b, the number of antinodes increases with the frequency of the applied 
field. 

The experimental results suggest that the vibration of the PVA-PAA gel 
films with ac signals is derived from the bending. Here, attempts are made to 
analyze the vibration of gel films to support the view that this is caused by 
a differential swelling. As already mentioned, the bending of the gel is regarded 
as a mechanical bending vibration of a uniform cantilever beam due to 
sinusoidally varying forces. Let us begin from a differential equation for the 
deflection of the bending vibration of a uniform cantilever beam with a clamped 
end and a free end [32,33]. If the effects of shear deformation and rotatory 
inertia are neglected, the differential equation is 

£/(d"''w/dx"^) m^mw F{x,t) (22) 

where W is the deffection, E the Young’s modulus of the gel, I the moment of 
inertia of the beam cross-section, m the beam mass per unit length, and F (x, t) 
the external force [F(x, t) Csmlnft^. 

The solution to Eq. 22 is generally expressed by w(x, t) Iw{x)q{t), so that 
w(x) can be calculated from Eq. 22 at F{x, t) 0. 

£/(d"''w/dx"^) m^mw 0 



(23) 




Deformation and Viscoelastic Behavior of Polymer Gels in Electric Fields 



147 




Frequency of applied field 

(b) 1 Hz 2 Hz 3 Hz 4 Hz 




8 mm 2 mm 1mm 0.5 mm 



Deflection 

Fig. 6a. Schematic illustration of deformation measurement of PVA-PAA gel film in electric fields, 
b Deflection curves of PVA-PAA gel film under sinusoidally varied electric fields 



Eq. 23 is the so-called Bernoulli-Euler beam equation. The solution to this 
fourth-order equation contains four constants and is written in the form, 



w{x) Cl cosh /lx C 2 sinh/lx C 3 cos/lx Casin/lx 

/I 



( 24 ) 
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For a cantilever beam with x separated from the fixed end, the boundary 
conditions are w(0) 0, w'(0), w"( ) 0andw"'( ) 0. Using these boundary 

condtions, we obtain the frequency equation 

cosh /I cos /, 1, A /I (25) 

where A 1 1.8751, A 2 4.6941, and A; (2i l)n/2{i 3). Using the eigen- 

values A, the natural frequency is determined from Eq. 25. 

m ^ (26) 

In the mechanical bending, when n 2, there are two nodes at x 0 and 
X 0.774 in the deflection curve W 2 (x) of Eq. 26. As shown in Fig. 6b, with 
a 2 FIz signal, the second node has been located at X 0.75 . There is a second 
antinode at x 0.52 . So the deflection curve of the gel film with a 2 FIz signal 
is similar to W 2 (x). 

The cross-section of the gel film is a rectangular plate of the dimension of bt. 
Flere b and t represent the width and thickness of the film, respectively. 
Therefore the moment of inertia of the beam cross-section is given by Eq. 27. 

/ p^/hdy htVl2 (27) 

J ~2 

Because the beam mass per unit length m is calculated from m pbt {p 
density), inserting Eq. 27 into Eq. 26 results in 

CO A^t{E/\2pY'^/ 2 (28) 

Equation 28 states, that m is proportional to t. The effect of the thickness of 
the gel film on the frequency of the first resonance mode has been investigated. 
When the buoyancy is taken into account, the experimental results have quanti- 
tatively followed Eq. 28. It has been found that the buoyancy plays an important 
role in the occurrence of the electric field-associated vibration of gel film. The 
vibration of the gel film in an electric field has thus roughly analyzed as 
a mechanical bending vibration of a uniform cantilever beam. 



4 Electroviscoelastic Behavior of Composite Gels 



Sounds and vibrations in electrical appliances or vehicles are in some cases 
unpleasant. If we can reduce these sounds and vibrations as we desire, we will 
have a more happy and comfortable life in the next century. Sections 4 and 
5 discuss a new smart polymer gel for actively reducing sounds and vibrations. 
The smart gel can vary its elastic modulus in an electric field. 
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4. 1 Principle of Electrical Control of Viscoelasticity 

Some suspensions of polymer particles with high dielectric constants dispersed 
in nonconducting oils stiffen rapidly when subjected to electric fields on the 
order of IkV/mm [34-37], Such rheological behavior, known as the electro- 
rheological elfect (ER effect), was first reported by Winslow in 1947 [38], The 
ER effect is explained step by step as follows. The dispersed particles polarized 
electrically as a result of the action of electric fields. The electrically polarized 
particles move and align between the electrodes. Many chains of the particles 
formed between the electrodes produce an increase in viscosity. Although the 
phenomenalogical mechanism of the ER effect is generally accepted, it has not, 
to date, been determined how the polarization of the dispersed particles occurs 
at a molecular level. The first model for polarization has been proposed by Klass 
and Martinek [39]. They investigated the ER effect of silica particles in ac 
electric fields and suggested that the effect is based upon a distortion of the 
electrical double layer. This mechanism has been widely accepted by other 
workers [40]. 

In the 1980s, some models for polarization of particles were proposed. 
Stangroom pointed out that the formation of a water bridge at the interfaces of 
dispersed particles is important in an ER fluid of poly-electrolyte particles [41]. 
The mechanism of the water bridge was discussed theoretically [42]. In the case 
of the ER effect of semiconducting particles, the formation of dipoles in particles 
is governed by surface charge migration or bulk charge migration [43]. Further- 
more, a point dipole approximation model has been used in computer simula- 
tion for the dynamics of the ER effect [44-47]. As mentioned above, the 
mechanism of polarization at a molecular level is one of the outstanding 
problems. It can, however, be broken down roughly into polarization at the 
interface between a particle and oil and into polarization in a particle. 

It is generally thought that the ER effect happens only in nonconducting oils. 
Here an ER effect in solid-like matrices such as polymer gels will be discussed. 
The nature of the ER effect in polymer gels will be explained using the point 
dipole model in [44]. 

Polarization in the point dipole model occurs not at the surface of the 
particle but within it. If dipoles form in particles, an interaction between dipoles 
occurs more or less even if they are in a solid-like matrix [48]. The interaction 
becomes strong as the dipoles come close to each other. When the particles 
contact each other along the applied electric field, the interaction reaches 
a maximum. A balance between the particle interaction and the elastic modulus 
of the solid matrix is important for the ER effect to transpire. If the elastic 
modulus of the solid-like matrix is larger than the sum of the interactions of the 
particles, the ER effect may not be observed macroscopically. Therefore, the 
matrix should be a soft material such as gels or elastomers to produce the ER 
effect. 

Let us consider the elastic modulus induced by the ER effect. Jordan et al. 
have directly measured shear forces between adjacent particles in a chain of 
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particles under electric fields, which is the interaction of particles, and have 
obtained shear forces on the order of 1 x 10“^ N [49]. My laboratory team has 
estimated the macroscopic increase in elastic modulus of the matrix due to the 
ER elfect using a simple model (see Sect. 4.2). When the shear force is 
2 X 10” ^ N, it is expected that the increase in the elastic modulus induced by an 
electric field is 4 kPa. The increase of 4 kPa has been calculated using Eq. 34 
with the particle volume fraction 0.3, the particle diameter 50 pm, and the 
intensity of the applied field 2kV/mm. It has therefore been concluded that 
behavior similar to the ER effect appears in a solid-like matrix having an elastic 
modulus on the order of 1 kPa. 

Based upon the calculated results, we have prepared composite gels com- 
posed of silicone gels having various elastic moduli and poly-methacrylic acid 
cobalt(Il) salt (PMACo) particles. The shear modulus of the composite gels with 
or without and electric field has been measured [50]. Note that the silicone gels 
used do not include a solvent. Figure 7 shows the effect of volume fraction of 
PMACo particle on the shear modulus of the composite gels with a shear 
modulus of 4 kPa. The PMACo particles used have an absorbed water content 
of 12.7 wt%. When the volume fraction of particle is more than 25 vol%, the 
shear storage modulus increases on the application of a dc electric field of 
5 kV/mm. That is, an effect similar to the ER effect has been demonstrated (ER 
gel obtained). According to our microscopic observation, the ER effect has been 
detected in gels in which the dispersed particles have already formed many 
migration paths before application of an electric field. The aggregation of 
dispersed particles on application of an electric field has not been observed. 

From the experimental results, the ER effect in polymer gels is explained as 
follows (Fig. 8). When an electric field is applied, the particles electrically bind 
together and cannot slip past each other. Earger shear forces are needed in the 
presence of an electric field. Thus, the electric field apparently enhances the 
elastic modulus of the composite gel. The difference in ER effects between an oil 
and a gel is that the polarized particles necessarily cannot move between the 
electrodes to produce the ER effect in a gel. In order for the ER effect to occur, it 
is important to form migration paths before application of an electric field. 




Fig. 7. Effect of volume fraction of disper- 
sed particles in a gel on the shear modulus of 
the gel under electric fields. The sample used 
was a silicone gel containing PMACo par- 
ticles. The particles were dispersed at ran- 
dom in the gel 





Deformation and Viscoelastic Behavior of Polymer Gels in Electric Fields 



151 



Particle 





Fig. 8. Schematic illustration of the ER effect in a polymer gel. The paths of the particles have been 
formed before application of an electric field 



Concerning the effect of dispersion of the particles, straight migration paths as 
shown in Fig. 9 are effective to show a large ER effect. 

Because an electric field also involves a magnetic field, it is suggested that the 
materials which increase elastic modulus in external magnetic fields (MR gel) 
can be prepared using particles which can polarize in a magnetic field. An MR 
gel will be discussed in Sect. 5.1. 



4.2 Theoretical Approach 

4.2.1 Viscoelasticity in Electric Fields 

In this section, we discuss theoretically the inffuence of microscopic interaction 
between polarized particles on the macroscopic mechanical properties of the 
composite gel, in particular, the elastic modulus. 

Let us consider a hard sphere in a continuous matrix under an electric field. 
When the relative dielectric constant of particle £2 is larger than that of matrix 
£ 1 , a point dipole in the particle is formed by application of an electric field. 
According to the classical theory [51], the point dipole moment is given by 

fi 4n £q£i kE 

K (£2 £ i )/{£2 2£ i ) 



( 29 ) 
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Fig. 9. Photograph of a dispersion of particles in a gel. The dark parts represent the particles aligned 
uniaxially 



where r is the radius of the particle, Eq the permittivity in vacuo 
( 8.854 X 10“^^ F/m), and E the intensity of the applied field. Equation 29 is 

an expression obtained formally for the volume polarizability of a particle. 

Next consider an interactive force between two dipole particles separated 
by R. The dipole-dipole interaction F is given by the following equation 
[52]. 

F{R,0) Ro{{2r/Rfl{3cos0 1)6^ sin(20)e9]} (30) 

where and eg are vectors. When two particles are aligned along the applied 
electric field and are in contact with each other, Eq. 30 reduces to Eq. 31. 

F (3/2)71 r^fiofiiK^E^ (31) 

Let us consider a cubical gel having many straight migration paths of dispersed 
particles which remain parallel to the direction of the applied field, and discuss 
the deformation of the cube (length , volume fraction of particle C) by a small 
shear strain y{ xj ) in a direction perpendicular to the applied field. We 
assume that electrical interactions between dispersed particles in a path are 
based only upon an interaction between two adjacent particles and that interac- 
tions between paths of particles are negligible. If macroscopic mechanical 
properties such as storage and loss moduli are estimated easily by multiplying 
the electrostatic force between adjacent particles at short range in the path, 
F being the number of the path of the particle, Eq. 32 is obtained. 

F sin 0 «/ ^ -({Ge Go) 



(32) 
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where and Go are elastic moduli with and without an electric held, respect- 
ively. The parameter n is given by Eq. 33, 

vol of particle in a cube 2,0 2 oor 

n — ; — — — ^ 3C 2nr (33) 

vol oi particle m one path 

sin 0 xj{x^ therefore, an increase in elastic modulus due to an 

applied electric held AG is given as follows: 

AG (9/4)Cei?c2£^ (34) 

Microscopic interaction of the ER effect is correlated with macroscopic 
mechanical properties through Eq. 34. This states that AG is proportional to 
C, £i or and depends on £ 2 . When £2 increases, increases and then reaches 
a maximum. AG may perhaps become saturated. 



4.2.2 Viscoelasticity in Magnetic Fields 

Let us discuss the viscoelasticity of a cubical gel having many straight migration 
paths of dispersed particles under a magnetic held. Let us start with the induced 
magnetic dipole moment of a sphere in an unbounded continuous medium 
which is not inhuenced by external magnetic helds. The magnetized particle may 
be considered as a point dipole of magnetic moment M [53]. 

M {4/3)nPxH (35) 

where r is the radius of a sphere, x the magnetic susceptibility of a sphere per unit 
volume, and H the intensity of the applied magnetic held. 

The magnetostatic potential about an isolated pair of spheres with dipole 
moments of and M 2 will now be considered. and M 2 are vectors. The 
magnetostatic potential <j) between M^ and M 2 separated by distance R is given 
by Eq. 36. 

(j) l/(47i/io£^)[Mi M 2 (l/3)(Mi R)(M2 £)] (36) 

Here /Tq is the magnetic permeability. When the two spheres are aligned in the 
direction of the external magnetic held and touch each other. 4> is given by 
Eq. 37. 

<p Ml (37) 

Because the magnetostatic force between two adjacent spheres at a short range 
is calculated by the relation, F d<^/dR. 

F 3Mi M2/2nfXoR"^ nr^ /6fio (38) 



In Eq. 38, the negative sign represents the attractive force of F. 
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Let us now discuss the shear modulus of the composite gel under a magnetic 
field which is applied parallel to the path of a dispersed particle. Shear strain is 
applied so as to cross the path of a particle. The assumptions are as follows: 

1. The interaction of particles in a path is governed by the magnetostatic forces 
of two adjacent particles. 

2. The interactions between the paths are very small. 

Thus, AG reduces to Eq. 39 using Eq. 32. 

AG 1)'^" (39) 

In Eq. 39, AG depends on C x is influenced by H. However, when / is 
independent of H, AG is proportional to the square of H. AG remains constant 
over a small range of y. 



5 Viscoelastic Properties of Composite Gels in Applied Fields 

5.1 ER or MR Gels 

We have called composite gels which vary in elastic modulus in electric or 
magnetic fields ER or MR gels. In this section, the viscoelastic properties of 
some ER or MR gels are presented 

The dynamic viscoelasticity of composite gels composed of a silicone gel and 
PMACo particles (diameter ca. 75 pm) containing a small amount of water has 
been investigated under the influence of electric fields [54]. Figure 9 indicates 
the dispersion of the PMACo particles in the gel. The PMACo particles align 
uniaxially and form many migration paths before application of an electric field. 
The materials were prepared by heating a prereaction solution of silicone gel 
containing the suspended PMACo particles under an electric field. Figure 10 
indicates the shear storage and loss moduli of the gel in various fields. Electric 
fields up to 5kV/mm were applied parallel to the paths of the particles. As 
expected from Eq. 34, AG' and AG" are proportional to the square of the field 
intensity. The influence of electric fields is found to be reflected in AG' rather 
than in AG". The effects of volume fraction and of dielectric constant of the 
particle on AG' and AG" have also been investigated. When £2 increases, AG' and 
AG" initially gain upon the application of an electric field and then attain 
a maximum. The results obtained have suggested that the viscoelastic behavior 
of the PMACo particle/silicone gel in an electric field is qualitatively explained 
by the simple model of the point dipole. The ER effect of the particulate gel in 
electric fields has been investigated in the compression mode. Compressive 
strain has been applied parallel to the paths of the PMACo particles. An 
increase in the compressive modulus induced by an applied electric field obeys 
an equation similar to Eq. 34. 
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Fig. 10. Effect of field intensity on the ER effect in a polymer gel. AG' (O) and AG" (•) represent 
increments in shear storage and loss moduli of the gel induced by applied electric fields. The dotted 
line displays the relationship AG kE^ {k constant, E field intensity) 



The dynamic viscoelasticity of particulate gels of silicone gel and lightly 
doped poly-p-phenylene (PPP) particles has been studied under ac excitation 
[55]. The influence of the dielectric constant of the PPP particles has been 
investigated in detail. It is well known that the dielectric constant varies with the 
frequency of the applied field, the content of doping, or the measured temper- 
ature. In Fig. 11 is displayed the relationship between an increase in shear 
modulus induced by ac excitation of 0.4kV/mm and the dielectric constant of 
PPP particles, which was varied by changing the frequency of the applied field. 
AG' increases with £2 and then reaches a constant value. Although the composite 
gel of PPP particles has dc conductivity, the viscoelastic behavior of the gel in an 
electric field is qualitatively explained by the model in Sect. 4.2.1, in which the 
effect of dc conductivity is neglected. 

An interesting phenomenon has been observed in an ER gel of iodine-doped 
poly(3-hexylthiophene) (P3HT) particles with dc conductivities on the order of 
10“ ’ S/cm. The applied electric fields usually enhance the elastic modulus of ER 
gels. On the other hand, the elastic modulus of the P3EIT particle system 
decreases in an electric field [56]. It has been suggested that the electroviscoelas- 
tic behavior of the P3HT particle system may be caused by softening of the 
P3HT particles themselves in an electric field. 





156 



T. Shiga 




£2 

Fig. 11. Effect of dielectric constant of dispersed particle on the ER effect in a polymer gel. The 
increment in shear storage modulus induced by an ac electric field of 0.4 kV/mm is plotted as 
a function of the real part of the dielectric constant of the particle 



The elastic modulus of laminated composite plate in which an ER silicone 
gel of carbonaceous particles is sandwiched between two PVC sheets also 
changed under the influence of an electric field. It was found that an electric field 
of 1.17 kV/mm caused a gain in the elastic modulus of the gel of 13% [57]. 

The dynamic viscoelasticity of an MR gel composed of a silicone gel and iron 
particles has been studied under the influence of magnetic fields [58]. In the gel 
the dispersed particles align uniaxially before application of a magnetic field. 
The increase in shear modulus has been detected in magnetic fields of the order 
of 10 kA/m. As seen from Eq. 39, AG is proportional to C or when x is 
independent of H. Figure 12 indicates the effect of the volume fraction of the 
particles on AG' and AG". The MR effect is strongly reflected in the storage 
modulus. The experimental results are in good accordance with the simple 
model of the point dipole. As the value of x in an iron particle was kept constant 
in the intensity range of 0 to 80 kA/m, the relation between AG and H was 
investigated in this intensity range. AG' and AG" have been related to 

An MR hydrogel of a crosslinked PVA network and Fe 304 particles disper- 
sed at random was also synthesized [59], The viscosity of the gel in a magnetic 
field increased with time. It has been suggested that the dispersed Fe 304 
particles aggregate and form a cluster. The effect of the volume fraction of the 
particles on the viscosity has also been discussed. The authors have pointed out 
that when the volume fraction is about 15%, the ratio of the viscosities with and 
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Fig. 12. Effect of volume fraction of particles on AG' and AG" induced by a magnetic field 



without a magnetic field attains a maximum. However, this phenomenon has 
not been interpreted. 

In summary, the dynamic viscoelasticity of ER or MR gels in electric or 
magnetic fields has been investigated. The nature of the ER or MR effects in 
polymer gels may be roughly described using the model of the point dipole. We 
have now established that the rigidity and the damping property of the com- 
posites can be controlled by external signals. 



5.2 Polymer Processing 

The formation of migration paths of dispersed particles as shown in Fig. 9 
suggests a new approach for the modulation of polymer blends and morpho- 
logy. It is expected that ER or MR effects show not only smartness but also 
unique anisotropy; therefore, many workers are studying these effects from the 
point of view of polymer processing. 

Moriya et al. first demonstrated that anisotropic structure in blends can be 
generated by applying ac electric fields to solvent-free blends of PEO and PS 
[60]. A similar morphology transformation induced by electric fields has been 
detected in PEO/PS/cyclohexane systems [61-63]. During solvent evaporation. 
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elongated PEO phases are first observed, and pearl chains of spheres are then 
formed. It is believed that the elongated domains are initially formed more easily 
and are stabilized against breakup as a result of a lowering of interfacial tension 
between PEO and PS. 

The alignment of a lamellar microstructure by electric fields has been 
reported [64]. The electric fields were applied across a melt of a PS-PMMA 
block copolymer and were maintained throughout cooling down to below the 
glass transition point. SAXS studies show persuasive evidence that the micro- 
structure was aligned by an electric field. 

Electric field-induced fibrolysis of suspended micron-sized powders such as 
ceramics, ferroelectric metals, and semiconductors has been investigated in 
a variety of uncured thermoset polymers [65, 66]. The resulting material consists 
of a quasi 1-3 connectivity pattern due to the formation of fibrils. For a given 
thermoset polymer, the degree to which these fibrils form is dependent upon 
both the magnitude and frequency of the applied field. Pattern formation in 
colloidal dispersions of BaTi 03 (100 nm diameter) under electric fields has been 
studied. A dilute dispersion of BaTiOs in castor oil has been injected into clear 
castor oil through a pinhole. When an electric field of 2000 V/cm is applied near 
the pinhole, the dilute suspension is deformed into a prolate ellipsoid [67]. 



6 Application 



6. 1 Membranes and Drug Delivery Systems 

Stimuli-responsive hydrogels may swell or deswell sharply with relatively small 
changes in environmental conditions. The stimuli-responsive hydrogels have 
promising potential to achieve intelligent membrane separation or drug delivery 
systems because they may be utilized as molecular devices for automatically 
regulating them with a function of sensing. The permeability-controlled mem- 
branes are applicable to time-variable separation or transport of a solute, as well 
as small scale analytical systems. The drug delivery systems using polymer gels 
are being explored to overcome the disadvantages of conventional dosage forms 
such as tolerance problems. 

The transport of ^H20 and ^“^C-sucrose through a collagen membrane in an 
electric field has been studied by Eisenberg and Grodzinsky [68]. It has been 
demonstrated that the application of an electric field can change the permeabil- 
ity of the membrane. The field has selectively changed the membrane’s perme- 
ability to ^"^C-sucrose. In contrast, permeability to ^H20 is minimally affected. 

An electrically activated membrane which reversibly expands and contracts 
in pore size has been designed by other researchers [8]. The gel membrane used 
was a PAMPS gel. The water permeability through the membrane was control- 
led by electrical signals. 
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Concerning drug delivery, electrically erodible polymer gels for controlled 
release of drugs have been prepared, and a measured release rate of insulin has 
been observed under electrical stimulus [69], A suspension of zinc insulin in 
a mixed solution of poly(ethyloxazoline) and PMAA was formed into a gel by 
decreasing the pH of the suspension. The obtained complex gel with 0.5 wt% of 
insulin was attached to a woven platinum wire cathode which was 1 cm away 
from the anode and immersed in 0.9% saline solution. When a stepped function 
of electrical current of 5 mA was applied to the insulin-loaded gel matrix, insulin 
was released in a stepwise manner up to a release of 70%. The insulin rate 
measured was 0.10 mg/h. 

A fast-acting smart polymer gel for drug delivery systems has recently been 
designed [19]. The polymer gel is a secretory granule matrix obtained from 
mice, consisting of a negatively charged heparin sulfate proteoglycan network. 
The granule matrix condenses in the presence of divalent cations and decon- 
denses in the presence of monovalent cations. The granule matrix of 5 pm 
diameter was attached to one electrode in a solution, and an electric voltage was 
applied. At zero or positive potentials, the granule matrix was retractile and 
condensed. In contrast, the matrix was transparent and swollen at negative 
potentials. The deformation took place within milliseconds of application of an 
electric field of the order of 1 kV/cm (8 V per 5 pm). 



6.2 Artificial Muscle 

Systems that develop contractile forces are very intriguing as analogues of 
physiological muscles. The idea for gel muscles was based upon the work of 
Katchalsky and Kuhn. They have prepared polyelectrolyte films or fibers which 
become elongated or contracted in response to a change in pH of the surround- 
ing solution, and have estimated the induced force and response time. The 
contraction of gel fibers is also achieved by electric fields. Use of electric fields 
has the merit that the signals are easily controlled. 

The model of electric field-controlled artificial muscles has been described in 
1972 [5]. Fragala et al. fabricated an electrically activated artificial muscle system 
which uses a weakly acidic contractile polymer gel sensitive to pH changes. The 
pH changes are produced through electrodialysis of a solution. The response of 
the muscle as a function of pH, solution concentration, compartment size, certain 
cations, and gel fabrication has been studied. The relative change in length was 
about 10%, and the tensile force was 1 g/0.0025 cm^ under an applied electric field 
of 1.8 V and 10 mA/cm^. It took 10 min for the gel to shrink. 

Tensile forces electrically induced in a charged-collagen membrane which 
supports a gradient in neutral salt concentration have also been measured [7]. 
The observed force density of oriented collagen fiber was 1 N/cm^ within 5 min 
on application of an electric field with a current of 0.12mA/cm^. This value 
was much smaller than the force density induced by an increase in NaCl 
concentration. 
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The electrocontractile response of a composite of a PVA-PAA gel doped 
with PPy has been investigated by a group in the University of Pisa [70]. The 
composite strip (initial length 3.05 cm, thickness 0.016 cm) in a 0.05 N NaCl 
solution has acted as both an electrode and an actuator. When dc voltages up to 
2 V were applied, PPy doped in the gel underwent a redox reaction to change 
the pH inside the gel, and the change in size was observed within 30 min. The 
measured length variation was about 2%. 

A new composite PVA hydrogel for an artificial muscle has been prepared by 
a freezing and thawing method [71]. The gel contained PAA and PAAm.HCl 
(poly-allylamine hydrochloride). The electrocontractile behavior of the com- 
posite gel in various solutions was studied. A large stroke and better controlla- 
bility have been detected in a 10 mM NaOH/7 mM Ba(OH )2 system. 



6.3 Biomimetic Actuator 

PVA-PAA gel is a physically crosslinked gel of PVA chains entangled with PAA 
chains. PVA-PAA gel has good mechanical properties, particularly rubber 
elasticity. It shows an electric field-associated bending deformation as observed 
in polyelectrolyte gel. The attractive point of the bending of PVA-PAA gel is 
that the deformation occurs at relatively high speeds. For example, a gel of 
70 mm length, 7 mm width, and 7 mm thickness bends semicircularly within 30 s 
on application of 10 V/cm. My laboratory team has made a mechanical hand 
composed of four smart PVA-PAA gel fingers [72,73]. The mechanical hand 
can pick up and hold a fragile quail egg (9 grams) without breaking it in an 
Na 2 C 03 solution in response to an electrical signal (Fig. 13a). 

The strain in electric field-associated bending of a PVA-PAA gel is given by 
the equation e 6D / ^ (see Eq. 21). The strain depends on the electric power 
applied to the gel. Thus, the deflection increases as the thickness becomes small 
even if the electric power remains constant. The PVA-PAA gel rod of 1 mm 
diameter bends semicircularly within 1 s under both dc and ac excitation. An 
artificial fish with a PVA-PAA gel tail 0.7 mm thick has been designed, and it 
has been demonstrated that the fish swims forward at a velocity of 2 cm/sec as 
the gel flaps back and forth under sinusoidally varied electric fields (Fig. 13b). 
This prototype of a biomimetic actuator shows that translational motion may 
be produced using bending deformation [74]. 

An electric field-induced bending of gel makes a worm-like motion feasible 
[18]. A weakly crosslinked PAMPS gel in a surfactant solution bends toward 
the anode under dc electric fields. Both ends of the gel are placed on front and 
rear hooks and are then hung on a plastic ratchet bar. When a varying electric 
field of 10 V/cm and 0.5 Hz is applied, the gel moves forward in the solution with 
a bending motion at a velocity of 25 cm/min. 

The three biomimetic actuator models mentioned above are driven in 
a solution. The next target of the advanced model is an actuator electrically 
driven in air. A mechanical hand composed of two smart gel fingers working in 
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Fig. 13a, b. Biomimetic actuators using electric field-responsive gels: a robot hand having four smart 
gel fingers which can hold a quail egg, and b artificial fish with a tail of gel film which can swim under 
ac electric fields 



air and using the hybrid gel has been described in Sect. 3.2 [29]. Two 
platinum wires of 50 pm diameter as electrodes were provided in the PVA gel 
films of the hybrid gel. The PVA film of the hybrid gel plays the role of 
a solution, which provides water. The mechanical hand with the two gel fingers 
can bend the fingers inward simultaneously and catch a piece of paper of 2 g in 
air. When the polarity of the applied voltage is changed, the fingers release the 
paper. 



6.4 Vibration Isolator 

There are many sounds and vibrations in automobiles such as booming noises, 
harshness, arm chattering, or microshakes due to an imbalance of the engine. 
Many researchers have recently attempted to reduce these sounds and vibra- 
tions actively in order to achieve comfortable driving. The smart ER or MR gels 
in Sect. 5 are applicable to actively controlled vibration isolators which can 
change damping properties in response to an external signal. A suspension 
mount in which an ER gel and a rubber support are laminated together has been 
proposed [75]. The designed mount can absorb vibration energy by application 
of electric signals. A vibration bushing using an ER gel has also been designed 
[76]. However, the active damping properties of these vibration isolators have 
not yet been reported. 
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7 Conclusions 



Advanced polymer gels are now being produced with stimuli-responsive proper- 
ties and have become “smarter”. In this article, smart gels associated with 
electric fields are described. Although an electric field is only one among several 
possible stimuli, its use may well offer the most promising route to practical 
applications. With regard to the electric field-induced deformation of gels, the 
invention of bending is exploitable and may open a new door in gel-based 
technology. The feasibility of a large deflection in the bending increases the 
feasibility of biomimetic actuators. The observation of ER or MR effects in 
polymer gels leads one to envision a new immiscible polymer blend that can 
vary its elastic modulus actively in an electric field. Such a material could lead to 
surprising developments in the fields of robotics and automobiles. 

A host of scientists in universities and industrial laboratories are finding that 
by adding side chains to the crosslinked chains or otherwise altering their 
structure they can control when and how the materials respond. It is therefore to 
be expected that they will design new smart gels and ideas for gel-using systems 
in the future. 
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Polymeric materials near the liquid-solid transition (LST) exhibit a very distinct relaxation pattern. 
The reference point for analyzing these patterns is the instant of LST at which relaxation becomes 
self-similar over wide ranges of the relaxation time. The universality of this transition and its 
consequences have been explored extensively during the past decade. This study will present an 
overview of rheological implications inherent in liquid-solid transitions of polymers. The LST can be 
most reliably detected in a dynamic mechanical experiment in which the frequency independence of 
the loss tangent marks the LST. A wide variety of rheological observations of materials in the 
vicinity of an LST are discussed with respect to their universality. It is shown that polymer 
chemistry, molecular weight, stoichiometry, temperature, inhomogeneities, etc. greatly influence the 
material behavior near the LST. However, the characteristic self-similar relaxation is shown by all 
investigated materials, independent of the nature of the LST (e.g., both, physically and chemically 
crosslinking polymers). Several theories predict chemical and rheological properties in the vicinity of 
an LST. They are briefly discussed and compared with experimental results. A variety of applica- 
tions for polymers near LST are presented that either already exist or can be envisioned. The 
self-similar relaxation behavior which results in a power law relaxation spectrum and modulus is not 
restricted to materials near LST. Different classes of polymers are described that also show power 
law relaxation behavior. What makes the self-similar relaxation specific for materials at LST is its 
occurrence at long times with the longest relaxation time diverging to infinity. 
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Fij fragmentation kernel, probability of cluster of size i j to break 

up into cluster of size i and cluster of size j 
/ functionality, frequency 

/2 average number of crosslinking sites along a chain 

/g gel fraction 

G relaxation modulus 

Go plateau modulus of fully crosslinked material 

Ge equilibrium modulus 

G* complex modulus 

G' storage modulus 

G" loss modulus 
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storage modulus at LST 
loss modulus at LST 

average number of crosslinking sites along a chain 
measured property in definition of mutation number 
Gamma function 

shear strain, critical exponent for molecular weight 

step shear strain, shear strain amplitude 

shear rate 

constant shear rate 

relaxation spectrum 

front factor of power law spectrum 

Heaviside step function 

real part of complex viscosity, t]' G"/a> 

imaginary part of complex viscosity, t]” G'/co 

zero-shear viscosity 

creep compliance 

equilibrium compliance 

storage compliance 

loss compliance 

reaction kernel, probability of cluster of size i to react with cluster 
of size j 

scaling exponent of rates of change of dynamic moduli 
exponent for certain reaction kernel Kij, A n v 
relaxation time 

lower bound of CW relaxation spectrum, characteristic relaxation 
time of liquid state, characteristic material time 
lifetime of physical bond 
characteristic relaxation time 

lower cutolf relaxation time of power law spectrum 
longest relaxation time 
lifetime of physical cluster 

upper cutoff relaxation time of power law spectrum 
cluster mass 

entanglement molecular weight 

molecular weight above which chains behave Gaussian 
molecular weight of largest cluster 
number average molecular weight 
weight average molecular weight 

power law exponent (for spectrum with positive exponent) 

exponent for homogeneous reaction kernel Kij 

number of bonds in a molecular cluster 

cluster mass distribution 

first normal stress difference 

gel number 

maximum number of bonds in a molecular cluster 
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number of molecules of A of functionality f 
number of molecules of B of functionality g 
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critical exponent for typical cluster size 

measure of connectivity, e.g. extent of reaction in case of chemical 
gelation 

critical extent of reaction 

extent of reaction of species A 

extent of reaction of species B 

osmotic pressure 

radius of gyration 

typical cluster size 

molar ratio 

lower molar ratio 

upper molar ratio 

cluster density, mass density 

gel stiffness 

critical exponent for zero-shear viscosity 

critical exponent for maximum molecular weight 

temperature 

degree of supercooling 

reference temperature 

temperature at critical point 

glass transition temperature 

melt temperature 

time 

sampling time 
time (integration variable) 
time between t' and t 
creep time 
process time 

critical exponent for cluster mass distribution, stress 
stress tensor 

rate of change of shear stress 

constant applied shear stress in creep experiment 

stress under static load at inhnite time 

first normal stress difference 

shear stress 

exponent for homogeneous reaction kernel Ay- 
angular frequency 
correlation length 

coefficient of first normal stress difference 
critical exponent for equilibrium modulus 
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1 Patterns of Relaxation Near the Liquid-Solid Transition 



Polymeric materials relax with a broad spectrum of relaxation modes. Magni- 
tude and shape of the spectrum reflect the material structure in some complic- 
ated way. The longer modes belong to the motion of entire molecules or of large 
chain segments while the shorter modes characterize small scale details of the 
molecules. Extra long relaxation modes arise from large scale structures which 
some polymers are able to form due to phase separation or associations on the 
molecular or particulate level. The formation of such extensive clusters is the 
origin of many liquid-solid transitions. Most intriguing is the behavior near such 
transitions, when molecular motions slow down while they correlate with 
motions of other molecules over longer and longer distances. The relaxation 
modes are not independent any more, but they are somehow coupled over 
a wide range of time scales. This leads to a universal pattern of the relaxation 
time spectrum at liquid-solid transitions. The universality of the rheological 
behavior and its consequences have been explored extensively during the past 
decade, and this study will attempt to give an overview of the current state of the 
held. 

There are many reasons for studying the liquid-solid transition (LST). The 
physicist might be interested in gelation as a critical phenomenon. The LST of 
polymers is also technically important since it occurs in nearly all of the 
common fabrication processes. Examples are injection molding of semi-crystal- 
line polymers (where the surface quality of the finished parts may be affected by 
gelation) and processing of crosslinking polymers. The instant of LST has to be 
known for the design and operation of such polymer processing. The polymer 
processing engineer may like to anticipate the instant of gelation, often for the 
mere reason of avoiding or postponing it. Beyond that, processing near the gel 
point promises interesting texture development for ultimate material properties. 
The materials scientist might like to know the possible range of material 
properties close to the gel point. Conservation of the material state near an LST 
has the potential for novel properties which combine liquid and solid character- 
istics. Industrial applications are just beginning to explore such advantageous 
properties in adhesives, super absorbers, dampers, sealants, membranes, toner 
matrices, catalyst supports, etc. Gels are good adhesives since they combine the 
surface wetting property of liquids with the cohesive strength of solids. Strong 
adhesion and damping properties recommend gels as binder material in com- 
posite materials. Widespread technical applications have not yet materialized, 
since, until recently, it has been diflicult to measure and control the LST. This 
has changed, and, as a consequence, one is able now to control processing near 
LST or to manufacture gels with reproducible properties. 

The chemical gel point defines the instant of LST of chemically crosslinking 
polymers. Before the crosslinking polymer has reached its gel point it consists of 
a distribution of finite clusters. It is called a ‘sol’ since it is soluble in good 
solvents. Beyond the gel point, it is called a ‘gel’. The gel is an infinitely large 
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macromolecule which only can swell but not dissolve in a solvent, even if low 
molecular weight molecules (sol fraction) are still extractable from the gel. We 
will later borrow this terminology (‘gel point’, ‘sol’, ‘gel’) from chemical gelation 
and apply it to a wide range of materials which share rheological properties with 
chemically crosslinking systems. These are the physical gels, which are able to 
form extensive molecular or particulate clusters by a variety of different mecha- 
nisms. Examples are partially crystalline polymers, liquid crystalline polymers at 
their nematic-to-smectic transition, micro-phase separating block copolymers, 
and suspensions and emulsions at the percolation limit. Emphasis in this study 
will be on the rheological behavior, without trying to discuss the various 
‘crosslinking’ mechanisms. 

The independent variable, p, of the solidification process differs from mater- 
ial to material. It is a measure of connectivity (see Fig. 1), which requires 
restatement for each type of EST. An exception is chemical gelation for 
which the extent of crosslinking reaction, p, is defined and directly measurable 
as the ratio of the number of chemical bonds to the total number of possible 
bonds (0 p 1, without ever reaching unity), i.e. p is the bond probability. 
At the critical extent of reaction, p p^, the molecular weight of the largest 
molecule diverges to infinity and the molecular weight distribution spreads 
infinitely broad oo ), i.e. molecular sizes range from the smallest 

unreacted oligomer to the infinite cluster. This defines the gel point [1,2]. 
The value of p^ is not universal but depends on the details of the evolving 
structure. 

The polymer at the gel point is in a critical state [3], and the name critical gel 
[4] is appropriate for distinguishing polymers at the gel point from the various 
materials which commonly are called gels. The critical gel has no intrinsic size 
scale except for the size of its oligomeric building block, and molecular motions 
are correlated over large distances. The combination of liquid and solid 




Fig. 1. Schematic of cluster growth during crosslinking. At p 0, only the monomer is present. 
With increasing crosslinking index, p, the connectivity increases and the molecular clusters (radius 
R) grow in size. In the solid state, the network spans the entire sample, 2R H 
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behavior at the gel point requires unusual simplicity and regularity in the 
relaxation pattern. 

Very important are materials in the vicinity of the gel point. For such nearly 
critical gels, p Pc is a measure of the distance from the gel point, and all 
properties can be expanded in powers of |p p^\. This is permitted within the 
critical region at small distance at both sides of the gel point [3]. Material 
properties of nearly critical gels are still governed by the simplicity of the critical 
state. This changes at increased \p p^\, where the behavior loses its simplicity. 
It will be interesting to study the rheological properties which gradually break 
free from that pattern as the distance from the gel point increases. 

Material properties at a critical point were believed to be independent 
of the structural details of the materials. Such universality has yet to be 
conhrmed for gelation. In fact, experiments show that the dynamic mechanical 
properties of a polymer are intimately related to its structural characteristics 
and forming conditions. A direct relation between structure and relaxation 
behavior of critical gels is still unknown since their structure has yet evaded 
detailed investigation. Most structural information relies on extrapolation onto 
the LST. 



1.1 Rheological Observations of a Liquid-Solid Transition 

The transition strongly affects the molecular mobility, which leads to large 
changes in rheology. For a direct observation of the relaxation pattern, one may, 
for instance, impose a small step shear strain yo on samples near LST while 
measuring the shear stress response t 12 (f) as a function of time. The result is the 
shear stress relaxation function G(t) i: 12^)17 0 , also called relaxation modulus. 

Since the concept of a relaxation modulus applies to liquids as well as to solids, 
it is well suited for describing the LST. 

Figure 2 shows a typical evolution of G(t, p) near the LST of a crosslinking 
polymer. The x axis shows the time of crosslinking reaction which corresponds 
to an extent of reaction, p. For each of the curves in Fig. 2, p is kept constant. 
The crosslinking reaction was stopped at discrete values of p, which increased 
from sample to sample. 

In samples with early stages of crosslinking (lower curves in Fig. 2), stress can 
relax quickly. As more and more chemical bonds are added, the relaxation 
process lasts longer and longer, i.e. Git) stretches out further and further. The 
downward curvature becomes less and less pronounced until a straight line 
(‘power law’) is reached at the critical point. 

Exactly at the LST, the material behaves not as a liquid any more and not 
yet as a solid. The relaxation modes are not independent of each other but are 
coupled. The coupling is expressed by a power law distribution of relaxation 
modes [5-7] 



G(t) St " for Xo t 00 



( 1 - 1 ) 
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Fig. 2. Relaxation modulus G(t) of a set of polydimethylsiloxane samples with increasing extent of 
crosslinking plotted against time of crosslinking. The linear PDMS chains (M„ 10 000, polydis- 

persity index 2) were endlinked with a four-functional silane crosslinker catalyzed by a platinum 
compound. Samples with different extent of reaction were prepared by poisoning the reaction at 
different times. The actual extent of reaction was not determined. Two of the samples are clearly 
before the gel point (LST) and two beyond. The third sample is very close to the gel point. Data of 
Chambon and Winter [5] evaluated by Baumgartel and Winter [8] 



S being the gel stiffness as indicated by the straight line in the log/log plot, Fig. 2. 
This marks the intermediate state between curving down and curving to the 
right, and we assume that the power law behavior extends to infinite times. The 
power law may be explained by the hypothesis that one probes self-similar 
regions of the critical gel by varying the times of observations [4]. The upper 
cut-off is infinite since the longest relaxation time diverges to infinity at the LST. 
Parameters S, n, and the lower cross-over, Aq, depend on the material structure 
at the transition. 

Beyond the LST, p the material is a solid. The solid state manifests 
itself in a finite value of the relaxation modulus at long times, the so-called 
equilibrium modulus 

Ge lim Git). (1-2) 

t~* 00 

Stresses cannot relax completely any more. The upper curves in Fig. 2 show this 
curving to the right, where at long times an equilibrium stress level will 
eventually be reached. More data at longer times would be required in order to 
clearly identify the value of G^. Flowever, G^ can be estimated from the curves. 
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and it can be seen that is zero at the gel point and grows with the extent of 
reaction, p. 

Rubbery materials beyond the gel point have been studied extensively. 
A long time ago, Thirion and Chasset [9] recognized that the relaxation pattern 
of a stress t under static conditions can be approximated by the superposition of 
a power law region and a constant limiting stress at infinite time: 



T 





(1-3) 



where Aq is a material-dependent time constant. They found very low values for 
the slope n in the power law region, 0.12 n 0.17. 



1.2 Relaxation Time Spectrum 

The linear viscoelastic behavior of liquid and solid materials in general is often 
defined by the relaxation time spectrum H(A) [10], which will be abbreviated as 
‘spectrum’ in the following. The transient part of the relaxation modulus as used 
above is the Laplace transform of the relaxation time spectrum H{1) 

dA 

G(t) Ge H{A)e-‘/"— . (1-4) 

Jo ^ 

The spectrum is a non-negative function [11] which exists in the range of 
relaxation times 0 A A^^,. An important material property is the longest 
relaxation time, beyond which the spectrum is equal to zero; if (A) 0 for 

1 'i-max- The spectrum cannot be measured directly. However, many methods 
have been proposed to somehow extract if (A) from linear viscoelastic material 
functions as measured in the appropriate experiments. A comprehensive review 
of some of those methods was recently presented by Orbey and Dealy [12]. 

We assume that the spectrum if (A) gradually evolves as the material under- 
goes transition. There exists a spectrum for the material directly at the transition 
point, the critical gel. Its characteristic features are twofold: a longest relaxation 
time (upper limit of the integral) that diverges, oo, and a power law 

distribution with a negative exponent, n. Both properties are expressed in the 
self-similar CW spectrum which Chambon and Winter [6,7] found when 
analyzing chemical gelation experiments (Fig. 3): 

Hi^) forAo A oo (1-5) 

T(w) 

where T(w) is the gamma function. Stress relaxation is the same at all scales of 
observation for such ‘self-similar’ or ‘scale invariant’ behavior. It is interesting to 
note that the critical gel does not have a characteristic time constant, which is 
a rather unusual property for a viscoelastic material. 

The relaxation exponent n is restricted to values between 0 and 1. The case of 
n 0 corresponds to the limiting behavior of a Hookean solid (the relaxation 
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4 




Fig. 3. Schematic of Chambon-Winter gel spectrum. The longest relaxation time diverges to 
infinity. The relaxation time ?.o marks the crossover to the short-time behavior, which depends on 
the material. The depicted case corresponds to a low-molecular-weight precursor (crossover to glass 
transition region) 



modulus is a constant). The restriction of n to values less than unity is necessary 
to assure a diverging zero-shear viscosity at the gel point. 

The self-similar spectrum is not valid at short times, 1 /.q, where the details 

of chemical structure become important {glass transition, entanglements, etc.). 
The cross-over to the glass transition at short times is typical for all polymeric 
materials, for both liquids and solids. The critical gel is no exception in that 
respect. Aq could be used as a characteristic time in the CW spectrum since it 
somehow characterizes the molecular building block of the critical gel; however, 
it has no direct relation to the LST. At times shorter than Aq, the LST has no 
immediate effect on the rheology. Indirect effects might be seen as a shift in the 
glass transition, for instance, but these will not be studied here. 



1.3 Divergence of Longest Relaxation Time 

In the close vicinity of the gel point, \p^ p\ 1, the longest relaxation time 
diverges in a power law on both sides of the gel point (Fig. 4) 

, \{Po P) for sol, p p, 

\ip p3 for gel, p p,. ^ 
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Fig. 4. Schematic of the divergence of the longest relaxation time as the liquid-solid transition is 
approached from either side 



a_ and a+ are the critical exponents for the sol and the gel. In the sol, 
^max belongs to the largest cluster. The largest cluster reaches infinite size at the 
gel point, but it still can relax, and the corresponding /.^ax has become infinitely 
large. Beyond the gel point, the relaxable components (for chemical gelation this 
would be the sol fraction, unattached chain ends, long loops, etc.) gradually 
incorporate into the permanent network, and /.max decays again. 

With increasing distance from the gel point, the simplicity of the critical state 
will be lost gradually. However, there is a region near the gel point in which the 
spectrum still is very closely related to the spectrum at the gel point itself. 
The most important difference is the finite longest relaxation time 
which cuts off the spectrum. Specific cut-off functions have been proposed 
by Martin et al. [13] for the spectrum and by Martin et al. [13], Friedrich 
et al. [14], and Adolf and Martin [15] for the relaxation function G(t, p^). 
Sufficiently close to the gel point, \p pj 1, the specific cut-off function 
of the spectrum is of minor importance. The problem becomes interesting 
further away from the gel point. More experimental data are needed for testing 
these relations. 

It was a most interesting discovery that not only the longest relaxation time 
diverges at LST, but that all the shorter relaxation modes show a very distinct 
pattern. The longest mode escapes the measurement near LST while the spec- 
trum of the shorter modes is still accessible. The intent of this study is to explore 
the occurrence of this relaxation time spectrum in a broad range of solidifying 
materials and in a time or frequency window which is as wide as possible. The 
properties of the self-similar CW spectrum, Eq. 1-5, will be mapped out in 
Sect. 3. The behavior at LST then will serve as a reference state for the analysis 
of rheological phenomena in the vicinity of LST. This will set the stage for 
reviewing experimental data from several laboratories. Observations on chem- 
ical gelation will guide the analysis of various types of LST. The possibility will 
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be suggested that there exists a universal framework for many LSTs of different 
origin. In that spirit, the terms ‘liquid-solid transition’ (LST) and ‘gel point’ will 
be used synonymously. 



1.4 Interrelation Between Critical Exponents 

Steady shear ffow properties are sensitive indicators of the approaching gel 
point for the liquid near LST, p p^. The zero shear viscosity rjQ and equilib- 



rium modulus Ge 
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having critical exponents, s and z. The viscosity of the sol increases due to the 
diverging cluster size. The equilibrium modulus of the gel gradually builds up 
since an increasing fraction of the molecules join, and thereby strengthen the 
sample spanning permanent network (Fig. 5). 

As a result, we find for sols that the divergence of the above zero shear 
viscosity po and of two other linear viscoelastic material functions, first normal 
stress coefficient ij/^ and equilibrium compliance J°, depends on the divergence 
of [IV] 

^max(p) jf" for sol, p p,. (1-9) 

Only the value of the relaxation exponent is needed. The critical exponent a_ of 
the longest relaxation time (compare Eqs. 1-6 and 1-7) is therefore on an equal 
footing with the critical exponent of the viscosity: 

s (1 «)a. (1-10) 




Fig. 5. Schematic of the divergence 
of zero-shear viscosity, jjo, and 
equilibrium modulus, G^. The LST 
is marked by pc 
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For the relaxation of the solid near the gel point, the critical gel may serve as 
a reference state. The long time asymptote of G(t) of the nearly critical gel, the 
equilibrium modulus Ge, intersects the G(t) St of the critical gel at a charac- 
teristic time (Fig. 6) which we will define as the longest relaxation time of the 
nearly critical gel [18] 

I for gel, p pe- (1-11) 

It obeys the typical characteristics, namely the divergence to infinity as Ge goes 
to zero (gel point) and the approach of a zero value as Ge becomes large. Again, 
only the relaxation exponent n is needed for relating the divergence of with 
that of Ge; compare Eqs. 1-8 and 1-11: 

z na+ for gel, p p^. (1-12) 

The exponents a_ and a+ depend not only on the relaxation exponent n, but 
also on the dynamic exponents s and z for the steady shear viscosity of the sol 
and the equilibrium modulus of the gel. 

The analysis may be simplified by postulating symmetry of the diverging 
'Imax on both sides of the gel point [18]. A power law exponent (see Eq. 1-6) 
which is the same on both sides, 

a a_ a+ (1-13) 






5 




Fig. 6. Evaluation of the longest relaxation time for a sample beyond the gel point, p interseet 
of horizontal line for with the power law of the critical gel, St~" 
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leads to the interesting relations between critical exponents [13, 18, 19] 

n z/(z s). (1-14) 

a. s z, (1-15) 

s (1 w)ot; z na. (1-16) 

Only two of the exponents (a and n, for instance) are sufficient to describe the 
rheology of nearly critical gels. The front factor is more difficult to estimate, but 
it most likely differs on both sides. 

These relations will be useful for testing theories, since, except for the 
symmetry hypothesis, no specific assumptions were introduced in the derivation. 
Theory might give an answer about the validity of the above symmetry hypothe- 
sis. In fact, the theory of Goldbart and Goldenfeld [20] that is based on 
statistical mechanics yields Eq. 1-14. However, there does not seem to be an easy 
way of proving or disproving this hypothesis at this time. The wide range of 
values for the relaxation exponent. Owl, lets us expect that the dynamic 
exponents s and z are non-universal as well. 



2 Theory of Gelation 



This study is mostly concerned with experimental aspects, especially since 
a quantitative prediction of the self-similar spectrum (value of critical exponent 
and prefactor) from first principles seems to be still lacking, although several 
theories predict the evolution of cluster growth during gelation. Excellent 
reviews of theory have been given by Stauffer et al. [3, 16] and Vilgis [21]. We 
refer to these for a deeper study and only highlight several of the theoretical 
predictions in the following. 



2.1 Branching Theories 

Branching models are based on multifunctional molecules of different types 
between which covalent bonds are formed to yield a network structure. One of 
the multifunctional molecules is required to carry at least three functional 
groups, while the other one can have two functional groups. The overall extent 
of reaction, p, equals the a priori probability that any given functional group has 
condensed. The earliest of these branching theories was developed by Flory 
[1,22] and Stockmayer [2]. Using combinatorial approaches, they derived an 
expression for the molecular weight distribution, and subsequently the critical 
extent of reaction, p^, at which the molecular weight diverges, oo (gel 

point). Their approach includes several simplifying assumptions which are 
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usually not valid in real systems, i.e. (1) the reactivities of all functional groups of 
the same type are equal and independent of each other, (2) no intramolecular 
reactions between functional groups on the same cluster (‘loop formation’) are 
allowed, (3) the crosslinks are randomly formed between any pair of functional 
groups that can form a bond, and (4) point-like monomers are assumed (no 
steric hindrance and excluded volume effects). More advanced branching 
models were developed later. The two most widely used of these are the so-called 
recursive theory [23, 24] and the cascade theory [25-28]. These later models can 
deal approximately with nonidealities such as cyclization and long-range substi- 
tution effects. All branching theories are mean field theories and yield the same 
simple expression for the critical extent of reaction (for the same chemical 
model) depending on the geometry of the network. Special cases are: 

Case 1. ffomopolymerization of similar /-functional molecules: 

Pc f ^ , (2-1) 

J2 t 

The same relation is found for the end-linking of molecules of low functionality 
(/ 3 or 4) and for the vulcanization of long molecular chains. The second- 

moment average number of cross-linking sites along the chain, is defined as 



IPn, 

fi ^ (2-2) 

'Lfn.f 

f 

with Uf number of molecules of functionality / 

Case 2. Cross-linking of /-functional molecules kf with g-functional molecu- 
les Bj,, which are mixed at a molar ratio r Y.f /”a//E <7 0 ”b !7 

Pk,c , - (2-3) 

1)(02 ij 

with Pb ''Pa- The stoichiometric ratio of a sample must be chosen between 
a lower and upper critical value 



ri 



1 

ifl 1)(02 1)’ 



1 

ri 



(2-4) 



otherwise the reaction stops before reaching the gel point. The relations in 
Eq. 2-4 follow from Eq. 2-3 when considering species Af or species fully 
reacted, respectively. 

Experimental results of p^, r^, and r„ were found to agree reasonably well 
with these predictions despite the inherent assumptions [29-31]. 
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2.2 Percolation Theory 

Percolation theory describes [32] the random growth of molecular clusters on 
a d-dimensional lattice. It was suggested to possibly give a better description of 
gelation than the classical statistical methods (which in fact are equivalent to 
percolation on a Bethe lattice or Caley tree, Fig. 7a) since the mean-field 
assumptions (unlimited mobility and accessibility of all groups) are avoided 
[16,33]. In contrast, immobility of all clusters is implied, which is unrealistic 
because of the translational diffusion of small clusters. An important funda- 
mental feature of percolation is the existence of a critical value of p (bond 
formation probability in random bond percolation) beyond which the probabil- 
ity of finding a percolating cluster, i.e. a cluster which spans the whole sample, is 
non-zero. 

In random bond percolation, which is most widely used to describe gelation, 
monomers, occupy sites of a periodic lattice. The network formation is 
simulated by the formation of bonds (with a certain probability, p) between 
nearest neighbors of lattice sites. Fig. 7b. Since these bonds are randomly placed 
between the lattice nodes, intramolecular reactions are allowed. Other types of 
percolation are, for example, random site percolation (sites on a regular lattice 
are randomly occupied with a probability p) or ‘random random’ percolation 
(also known as continuum percolation: the sites do not form a periodic lattice 
but are distributed randomly throughout the percolation space). While the 





Fig. 7. Comparison of a the structure of the Bethe lattice with a functionality of 3 (only part of the 
system is shown) and b a two-dimensional square lattice [16]. For the Bethe lattice, each possible 
bond is shown as a line connecting two monomers. In FS theory an actual bond of these possible 
bonds is formed with probability p. For the square lattice, each bond that has been formed is shown 
as a short line connecting two monomers, while the monomers are not shown 





182 



H.H. Winter and M. Mours 



random site percolation is not directly relevant to gelation [16], continuum 
percolation is of particular value, since in real systems the cluster-forming 
molecules are not distributed regularly in space. 

In general, percolation is one of the principal tools to analyze disordered 
media. It has been used extensively to study, for example, random electrical 
networks, dilfusion in disordered media, or phase transitions. Percolation 
models usually require approximate solution methods such as Monte Carlo 
simulations, series expansions, and phenomenological renormalization [16]. 
While some exact results are known (for the Bethe lattice, for instance), they are 
very rare because of the complexity of the problem. Monte Carlo simulations 
are very versatile but lack the accuracy of the other methods. The above solution 
methods were employed in determining the critical exponents given in the 
following section. 



2.3 Scaling Near the LST 

All theories yield unique scaling relationships for molecular (e.g. mean cluster 
size, size distribution) and bulk properties (e.g. equilibrium modulus) near the 
critical point, but critical exponent values and relations between different critical 
exponents are different. This scaling is common for material behavior near any 
critical point, i.e. the polymeric material near the gel point exhibits a behavior 
analogous, for example, to a fluid near its vapor-liquid critical point. For the 
critical gel, weight average molecular weight M„, typical cluster size Pchar> and 
gel fraction scale similarly with \p p3 as the inverse of the derivative of 
osmotic pressure with respect to concentration {dn/dc) correlation length 
and concentration fluctuations Ac, respectively, scale with c in case of 

a fluid at the vapor-liquid critical point [3,34]. The following scaling relation- 
ships for these static properties are commonly found in the literature [16,35]: 

Mw Ip Pel"’’ p Pc (2-5) 

^char Ip Pel”'’ P Pe (2-6) 

fi \V Pcf P Pe (2-7) 

The cluster mass distribution at the gel point scales with the molecular weight of 
those clusters 

N{M) M~^ p p, (2-8) 

To describe the cluster mass distribution in the vicinity of the gel point, a cut-off 
function /(M/M„,ax) is introduced [36] (Fig. 8) 
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Fig. 8. Power law molecular weight distribution in the vicinity of the LST. Mo is the molecular 
weight of the smallest precursor molecule, and the molecular weight of the largest cluster 

present in the polymer 



with 

\P (2-10) 

Percolation theory predictions for these critical exponents are y 1.76, 
V 0.89, /I 0.39, T 2.2 and cr 0.46. The Flory-Stockmayer theory also 
predicts this scaling behavior near the gel point, with exponents y 1, v 0.5, 
P 1, T 2.5, and CT 0.5 [3,37]. 

Colby et al. [35] proposed an interesting experimental approach to measure 
the static exponents. They noticed that it is hard to accurately measure the 
chemical extent of reaction, p, and thus eliminated this variable (more precisely 
the distance from the gel point \ p p^\) from the scaling relations. For example 
combining Eqs. 2-5 and 2-6 yields the following relation between the weight 
average molecular weight, M^, and the characteristic radius, 

R±r ( 2 - 11 ) 

Similar relations between different scaling exponents were also developed by 
Stauffer [37] by combining two of the scaling relations at a time to eliminate 
\p Pci- 

Besides the static scaling relations, scaling of dynamic properties such as 
viscosity p and equilibrium modulus [16,34], see Eqs. 1-7 and 1-8, is also 
predicted. The equilibrium modulus can be extrapolated from dynamic experi- 
ments, but it actually is a static property [38]. 
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The scaling of the relaxation modulus G(t) with time (Eq. 1-1) at the LST was 
first detected experimentally [5-7]. Subsequently, dynamic scaling based on 
percolation theory used the relation between diffusion coefficient and longest 
relaxation time of a single cluster to calculate a relaxation time spectrum for the 
sum of all clusters [39]. This resulted in the same scaling relation for G{t) with an 
exponent n following Eq. 1-14. 

It is interesting to note here that the cluster mass distribution and the 
relaxation modulus G{t) at the LST scale with cluster mass and with time, 
respectively, while all other variables (dynamic and static) scale with the distance 
from Pe in the vicinity of the gel point. 

The classical theory predicts values for the dynamic exponents of s 0 and 
z 3. Since s 0, the viscosity diverges at most logarithmically at the gel point. 
Using Eq. 1-14, a relaxation exponent of w 1 can be attributed to classical 
theory [34]. Dynamic scaling based on percolation theory [34,40] does not 
yield unique results for the dynamic exponents as it does for the static expo- 
nents. Several models can be found that result in different values for n, s and z. 
These models use either Rouse and Zimm limits of hydrodynamic interactions 
or Electrical Network analogies. The following values were reported [34,39]: 
(Rouse, no hydrodynamic interactions) n 0.66, s 1.35, and z 2.7, (Zimm, 
hydrodynamic interactions accounted for) n 1, s 0, and z 2.7, and (Elec- 
trical Network) w 0.71,5 0.75 and z 1.94. 

De Gennes [41] predicted that percolation theory should hold for crosslink- 
ing of small molecule precursors. Elowever, he argued that for vulcanizing 
polymers (high M^), only a very narrow regime near the gel point exists for 
which percolation is valid, i.e. these polymers should exhibit more mean field- 
like behavior. 



2.4 Critical Gel as Fractal Structure 

Based on the fractal behavior of the critical gel, which expresses itself in the 
self-similar relaxation, several different relationships between the critical expo- 
nent n and the fractal dimension df have been proposed recently. The fractal 
dimension 4 of the polymer cluster is commonly defined by [16,42] 

R (2-12) 

where R is the radius of gyration. Assuming hyperscaling 4 can be related to the 
critical exponents by (not valid for mean field theories) [16,34] 

df d - (2-13) 

V 

This results in a value of df 2.5 for bond percolation on a 3-dimensional 
lattice. The fractal dimension of the Bethe lattice (Flory-Stockmayer theory) is 
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df 4 [16], which leads to a physical discrepancy, since any value higher than 
3 (dimensionality of the sample) results in the cluster density increasing with 
cluster size {p . For d 6 the hyperscaling assumption and mean field 

theories are compatible, i.e. Eq. 2-13 gives the correct fractal dimension for the 
classical theory. 

Muthukumar and Winter [42] investigated the behavior of monodisperse 
polymeric fractals following Rouse chain dynamics, i.e. Gaussian chains (ex- 
cluded volume fully screened) with fully screened hydrodynamic interactions. 
They predicted that n and df (the fractal dimension of the polymer if the excluded 
volume effect is fully screened) are related by 



n 




(2-14) 



Hess et al. [43] extended this approach to monodisperse chains with excluded 
volume effects (swollen clusters). They realized that, although the linkage pro- 
cess can be described by percolation, bond percolation does not give a correct 
picture of crosslinking between long chains because these chains are flexible, 
whereas bond percolation theory is based on stiff bonds. Thus, even though the 
connectivity of the critical gel may be prescribed by bond percolation theory, the 
dynamic properties of the object are drastically affected by the replacement of 
rigid bonds by flexible chains. Their investigation resulted in the same functional 
dependence of n and df (the fractal dimension when excluded volume effects are 
taken into account): 



df 

" If 2 

where df and df are related by 

j 2df 

^ d 2 2df 



(2-15) 



(2-16) 



Muthukumar [44] further investigated the effects of polydispersity, which are 
important for crosslinking systems. He used a hyperscaling relation from per- 
colation theory to obtain his results. If the excluded volume is not screened, n is 
related to df by 



n 




(2-17) 



In the case of full screening of excluded volume he obtained 

d d(d 2 2df) 

" If 2 ~2^ 2 If) 



(2-18) 



Especially in the latter case, a small change in the fractal dimension can lead to 
a significant change in n, and he therefore concluded that n can take values 
between 0 and 1 (for df ranging from 2.5 to 1.25, see Fig. 9). 
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Fig. 9. Relation between relaxation exponent n and fractal dimension d[ for a three-dimensional 
network. In case of complete screening of excluded volume, values of 0 n 1 are possible if df is 
chosen between 1.25 and 2.5 



If only partial screening is present, the fractal dimension takes a value 
somewhere between df and df. According to this model, a crosslinker deficiency, 
which leads to a more open structure and therefore a lower value of df, increases 
the value of n. Dilution of the precursor with a non-reactive species has the same 
elfect on the relaxation exponent. 



2.5 The Notion of Topology 

Goldbart and Goldenfeld [20] challenged the notion that gelation could be 
described in terms of the purely geometrical description of percolation theory. 
They developed a theory based on statistical mechanics arguments. The cross- 
linking system cannot be uniquely specified by the positions of crosslinks only, 
as is done in percolation theory. Topology needs to be considered as well. They 
argue that the condition for the liquid-solid transition is a sufficiently complex 
topology rather than a sufficient degree of connectivity, in contrast to percola- 
tion, which does not take the contribution of trapped entanglements into 
account. They define the solid state in terms of a non-vanishing shear modulus 
(as t 00 ) and in terms of breaking of the translational invariance of the 
Hamiltonian. This implies that rigidity of the solid state is due to the preference 
of atoms to localize close to certain neighbors in order to minimize the free 
energy of the system rather than due to long range forces, i.e. rigidity is 
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a consequence of thermodynamics. Percolation models do not address the ques- 
tion of how rigidity emerges. The new model is a microscopic theory of the 
liquid-solid transition based on a physical model of flexible chains and solvent. 
The transition to the solid state as the crosslink density increases beyond the 
critical density is a continuous one, and hence is a second order transition. This is 
rather unusual for liquid-solid transitions, which are usually first order. The 
second order transition is accompanied by scale invariance, and therefore implies 
scaling behavior of the shear modulus as detected by Chambon and Winter [5], 
but it does so only at the critical point. Goldenfeld and Goldbart [20] developed 
relations between scaling exponents z, s, and n for the equilibrium modulus G^, the 
zero-shear viscosity t]Q, and the complex modulus G(t), respectively, and predict 
Eq. 1-14, n z!{s z) , from some general arguments. The exponent of the 
equilibrium modulus is predicted to equal the scaling exponent for the correla- 
tion length d. However, the theory does not predict any values for these scaling 
exponents, which makes comparison with experimental data difficult. 



2.6 Kinetic Theory (Smoluchowski Equation) 

All models described up to here belong to the class of equilibrium theories. They 
have the advantage of providing structural information on the material during 
the liquid-solid transition. Kinetic theories based on Smoluchowski’s coagula- 
tion equation [45] have recently been applied more and more to describe the 
kinetics of gelation. The Smoluchowski equation describes the time evolution of 
the cluster size distribution N[k)\ 

^ ^ I KijN{t)N{j) N{k) £ K,jN{j) (2-19) 

“ ^ i+j=k j=i 

N (k) denotes the number of clusters of size k (i.e. k-mers), and is the reaction 
kernel that gives the probability of a cluster of size i reacting with one of sizej. 
The first sum accounts for coalescence of clusters of size i and (k i) to give 
a cluster of size k, while the second sum accounts for the loss of clusters of size 
k due to binary collisions with other clusters. The Smoluchowski equation is 
able to describe and distinguish between gelling and non-gelling systems. In the 
former, the mean cluster size diverges as t approaches the gel point t^,; in the 
latter it keeps increasing with time. Although the equation was originally 
developed only for irreversible coagulation, it can be easily extended to revers- 
ible coagulation by adding fragmentation kernels f to describe the unimolecu- 
lar fragmentation process [46]: 

^ ^ E {KijN(i)NU) F,jN(k)] 

at 

CO 

X {K,jN(k)N{j) F,jN(k j)} 



( 2 - 20 ) 
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where F^j describes the probability of a {i j) -mer to break up and form and 
;-mer and a j-mer. Both Equations 2-19 and 2-20 constitute infinite sets of 
coupled non-linear equations which have to be solved for a given initial cluster 
size distribution N{k, £q) . 

The dilSculty is now to determine the functional form of the reaction and 
fragmentation kernels, Kij and The specific form is determined by the 
coagulation mechanism. For gelation processes, usually only the reaction kernel 
Kij is considered, i.e. the process is viewed as being irreversible. A variety of 
kernels for coagulation processes can be found in the literature [47]. Most of 
these kernels are homogeneous functions of i and j, at least for large i andj. Ernst 
[47] and Van Dongen and Ernst [48] used two exponents /r and v to describe 
the i and J dependence of K^j K{i,j)\ 

K{ai, aj) a^K{i,j) a^K{j,i) (2-2 la) 

K(i,i) Ff (2-21b) 

with j 1 and A /r v. Two physical restrictions exist on the exponents /r and 
V, because the reaction rate cannot increase faster than the cluster size: 
A /i V 2 and v 1. A characterizes the reaction rate of two large inter- 
penetrable clusters, i.e. K{j,j) and v describes the reaction of a large 

cluster with a very small cluster, i.e. K{l,j) f. Furthermore, A also decides 
whether the Smoluchowski equation describes aggregation or gelation, i.e. the 
formation of an infinite cluster in finite time only occurs if A 1. 

Three growth classes are usually distinguished. These are class I with /r 0, 
class II with /r 0 and class 111 with /r 0. In the case of class I, growth 
interactions between two large clusters are dominant. Class 1 growth can 
describe both aggregating and gelling systems. For gelation, V 1 A 2. The 
cluster distribution decays as A(k) with t 3) 2. Also, near the 

gel point, the weight average mass defined as My, J^k^A(k)/^kN(k) diverges 
as My, \t t„\~^ with y (3 A)/(A 1), the typical cluster mass (the 

z-average mass, M^ J]k^N{k)/Y,k^N{k)) diverges as \t with 

O' (A l)/2, and the gel fraction diverges as /g \t with /I 1 [49]. 
These scaling equations correspond to Eqs. 2-8, 2-5, 2-10, and 2-7, respectively, 
as presented earlier in this Section. If one uses the Flory-Stockmayer gelation 
theory, the reaction kernel equals Kij ij, since all sites on a cluster are assumed 
to be equally reactive [50]. This is a typical example of a homogeneous kernel 
which gives class I growth. The exponents are therefore /r 1 and v 1, 
resulting in A 2. This results in scaling exponents t 2.5, y 1, cr 0.5, and 
P 1, which are also predicted by the FS-theory (see section 2.1.). 

In class II growth, the large-large (class 1) and small-large (class III) interac- 
tions are equal. Since /r 0, it follows that v A. Because of the restriction on 
v(v 1) and the requirement of A 1 for gelation this class can only describe 
non-gelling growth. Interactions between small and large clusters govern class 
III growth. From /r 0, it follows that v A, i.e. class III growth is defined by 
A V 1. Like class II growth, it can only describe aggregation. 
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2. 7 Computer Simulations 

Alternatively, Leung and Eichinger [51] proposed a computer simulation ap- 
proach which does not assume any lattice as the classical and percolation 
theory. Their simulations are more realistic than lattice percolation, since 
spatially closer groups form bonds first and more distant groups at later stages 
of network formation. However, the implicitly introduced diffusion control is 
somewhat obscure. The effects of intramolecular reactions were more realisti- 
cally quantified, and the results agree quite well with experimental observations 
[52,53]. 



3 Viscoelastic Properties at and around the Liquid-Solid Transition 

3. 1 Linear Viscoelasticity of Liquids and Solids 

The time-dependent rheological behavior of liquids and solids in general is 
described by the classical framework of linear viscoelasticity [10, 54]. The stress 
tensor t may be expressed in terms of the relaxation modulus G(t) and the strain 
history: 

T(t) I (3-1) 

or, alternatively: 

r(t) G(t t') (3-2) 

J-co dt 

The relaxation modulus is often expressed with the relaxation time spectrum, 
Eq. 1-4: 

f' d/1 

T(t) G,C~Ht;to) H(2)e"<'"''>/^^C“i{t;t')dt' (3-3) 

J-coJo ^ 

Here we describe the strain history with the Finger strain tensor as 

proposed by Lodge [55] in his rubber-like liquid theory. This equation was 
found to describe the stress in deforming polymer melts as long as the strains are 
small (second strain invariant below about 3 [56] ). The permanent contribution 
GeC” ^(t; to) has to be added for a linear viscoelastic solid only. C~ ^(t; to) is the 
strain between the stress free state to and the instantaneous state t. Other strain 
measures or a combination of strain tensors, as discussed in detail by Larson 
[57], might also be appropriate and will be considered in future studies. 
A combination of Finger C “ ^(t; t') and Cauchy C(t; t') strain tensors is known to 
express the finite second normal stress difference in shear, for instance. 
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The stress t is more difficult to model for a material which is deforming while 
solidifying. A crosslinking polymer, for instance, constantly introduces new 
crosslinks even during relaxation processes. Molecules or segments of molecules 
gradually lose their mobility, since the crosslinking locks them into their relative 
positions with neighboring molecules. As a starting point, we consider materials 
for which the crosslinking reaction has been stopped or slowed down so severely 
that they may be treated as chemically stable during a rheological experiment. 
This quasi-stability will be explained further in Sect. 6.2. 



3.2 Viscoelastic Material Functions of Critical Gels 

We expect that the classical framework of linear viscoelasticity also applies at 
the gel point. The relaxation spectrum for the critical gel is known and can be 
inserted into Eq. 3-3. The resulting constitutive equation will be explored in 
a separate section (Sect. 4). Here we are mostly concerned about the material 
parameters which govern the wide variety of critical gels. 

The linear viscoelastic behavior of the critical gel, as defined in Eqs. 1-1 and 
1-5, depends on two material parameters, the relaxation exponent n and the 
front factor S. Depending on their values, the critical gel is more soft or more 
stiffi The relaxation exponent strongly depends on molecular and structural 
details which alfect the development of long range connectivity. These are 
molecular weight of the precursor, stoichiometric ratio, amount and molecular 
weight of inert diluent in the material, and bulkiness of the crosslinks (filler 
elfect). The relaxation exponent does not have a universal value, as one might 
expect for a property at a critical point. ^ The critical gel is generally very soft 
and fragile when the relaxation exponent is large, n 1, and the front factor S is 
small. Stiff critical gels have a small n value (w 0) and a large S. For many 
systems, the front factor is not independent, but depends on the relaxation 
exponent 

S GoA"o, (3-4) 

where Go and Aq are the plateau modulus of the fully crosslinked material and 
the characteristic time of the precursor molecule (building block of the gel), 
respectively [58,59]. This ensures a soft gel for n 1 and a stiff gel for n 0. 
Figure 10 shows data of S and n measured by Izuka et al. [59] on polycaprolac- 
tone critical gels with different stoichiometric ratios. The dashed line connects 
the modulus of the fully crosslinked material and the zero-shear viscosity of the 
precursor, which is in the order of GqAo- 

The gel stiffness, S, was also found to depend on the molecular weight of the 
polymer precursor. For end-linking PDMS, S decreases with increasing 



^ Our first two critical gels had an exponent value of n 0.5, which made us believe initially that this 

would be the only possible value 
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Fig. 10. Experimental values of the gel stiffness S plotted against the relaxation exponent n for 
crosslinked polycaprolactone at different stoichiometric ratios [59], The dashed line connects the 
equilibrium modulus of the fully crosslinked material (on left axis) and the zero shear viscosity of the 
precursor (on right axis) 




My, because of an increase in strand length between crosslinks [7]. In contrast, 
vulcanizing polybutadienes of high molecular weight {My, entanglement 
molecular weight) show a relaxation exponent of about or somewhat below 0.5 
and an increase in gel stiffness with increasing precursor molecular weight. For 
this study, De Rosa and Winter [60] crosslinked polybutadienes (PBD) with 
long linear molecules of (nearly) uniform molecular weight and measured the 
relaxation time spectrum at increasing extents of reaction (Fig. If depicts the 
critical gel spectrum for the PBD with a molecular weight of 44000). The 
precursor molecular weight was chosen to be ten or more times the entangle- 
ment molecular weight. The precursor’s relaxation follows the BSW spectrum 
[61,62]. Near the gel point, the plateau modulus of the entanglement region 
(intermediate time scales) is surprisingly little affected by the crosslinking 
(Fig. 12). Only at higher extents of crosslinking, beyond the gel point, does the 
plateau modulus start to increase significantly. A scaling relation between S and 
M was found to be valid for these materials: 

S (3-5) 

where 3.4 is the well known scaling exponent of the viscosity-molecular weight 
relation. 

For describing the observed molecular weight effects in chemical gels, 
we propose to distinguish three regions based on the precursor molecular 
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Fig. 11. Schematic of relaxation time spectrum of the critical gel of PBD 44 (M„ 44 000). The 

entanglement and glass transition is governed by the precursor’s BSW-spectrum, while the CW 
spectrum describes the longer modes due to the crosslinking [60], Aq denotes the longest relaxation 
time of PBD44 before crosslinking 



7 




Fig. 12. Dynamic moduli master curves of PBD 44 precursor {p 0) and PBD 44 critical gel [60], 
The entanglement and glass transition regime is hardly affected by the crosslinking. Open symbols 
correspond to G', filled ones to G" 
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weight M: 

1. Low molecular weight M: M Mawss- n 0.7-0. 8 

2. Intermediate molecular weight: Mgauss ^ n 0.4-0.7 

3. High molecular weight: M M^: n 0.4-0.5. 

Mgauss is the molecular weight above which chains show Gaussian behavior. 

Very short chains, M Mqauss, associate into molecular clusters with non- 
Gaussian building blocks, and the resulting critical gel is very stiff. Extensive 
data have been reported in the literature on these systems [38, 39, 63, 64]. 
Intermediate molecular weight precursors, Mgauss M M^, already give 
much lower relaxation exponents [5-7, 18, 58, 65]. The lowering of the relax- 
ation exponent has been attributed to screening of excluded volume and 
hydrodynamic interaction [44]. 

Deficiency of cross-linker molecules (off-balancing of stoichoimetry) was 
found to increase the relaxation exponent value [7, 65, 66]. The gel becomes 
more ‘lossy’, and stress relaxation is accelerated. Adding of a non-reacting low 
molecular weight solvent also increases the relaxation exponent [58, 65], even in 
physical gels [67]. Both effects have been attributed to screening [44, 65]. 

On the other hand, ‘bulky’ crosslinks as developed during the crystallization 
of polymer melts (no solvent) lower the relaxation exponent. The lowest values 
of n which we have been able to generate so far occurred with physical gels in 
which the crosslinks consisted of large crystalline regions [68, 69]. 

This regular pattern in the relaxation exponent has been recognized for 
a wide range of chemically and physically gelling systems. The full range of gel 
properties should be explored further and should be utilized technically. The 
molecular or structural origin of these variations is not yet known to the extent 
where quantitative predictions could be derived from first principles. From 
a practical point of view, it is advantageous that the relaxation exponent is 
non-universal, since it allows us to prepare nearly critical gels with a wide range 
of properties as needed for specific applications. 



3.3 Viscoelastic Material Funetions Near LST 



The simplest expression incorporating the basic features of self-similarity and 
cut-off for nearly critical gels has the spectrum of the critical gel altered by 
a cut-off at the longest time [19]: 



H(k,p) 



S 

r(n) 

0 



A- 



for Ao ^ ^max(p) 
for A 



(3-6) 



The same form of self-similar spectrum will be applied to the sol and the 
transient part of the gel. The consequences of this most simple spectrum will be 
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explored in the following. Introducing Eq. 3-6 into the equation for the relax- 
ation modulus, Eq. 1-4, gives 



G(t) 



Gc(p) 



S 

m 



Ap) 



dX 

X 



(3-7) 



The diverging longest relaxation time, Eq. 1-6, sets the upper limit of the 
integral. The solid (gel) contribution is represented by G^. The crossover to any 
specihc short-time behavior for X Xq is neglected here, since we are mostly 
concerned with the long-time behavior. 

We can also calculate other viscoelastic properties in the limit of low shear 
rate (linear viscoelastic limit) near the LST. The above simple spectrum can be 
integrated to obtain the zero shear viscosity rjo, the first normal stress coefficient 
at vanishing shear rate, and the equilibrium compliance J°: 



r-lmax 

Mp) H(x)dx 

Jo (1 n)r(n) 


(3-8) 


lAi(p) 2 H{X)XdX 

Jo (2 w)E(w) 


(3-9) 


0 lAi r(«)(w If 

Q r\ 2 o '^max* 

2f]Q S 2 n 


(3-10) 



This most simple model for the relaxation time spectrum of materials near the 
liquid-solid transition is good for relating critical exponents (see Eq. 1-9), but it 
cannot be considered quantitatively correct. A detailed study of the evolution of 
the relaxation time spectrum from liquid to solid state is in progress [70]. 
Preliminary results on vulcanizing polybutadienes indicate that the relaxation 
spectrum near the gel point is more complex than the simple spectrum presented 
in Eq. 3-6. In particular, the relation exponent n is not independent of the extent 
of reaction but decreases with increasing p. 



4 Constitutive Modeling with the Critical Gel Equation 



4. 1 The Critical Gel Equation 

Predictions using the observed relaxation time spectrum at the gel point are 
consistent with further experimental observations. Such predictions require 
a constitutive equation, which now is available. Insertion of the CW spectrum, 
Eq. 1-5, into the equation for the stress, Eq. 3-1, results in the linear viscoelastic 
constitutive equation of critical gels, called the ‘critical gel equation’ 

(t C”^(t; t')dt' at p P(,. 



r(t) nS 



— 00 



(4-1) 
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It may alternatively be expressed with the rate of strain tensor dCt ^(t; t')/dt' 

t(f) it atp p,. (4-2) 

The cross-over to the glass at short times (or to other short-time behavior) is 
neglected here, which is justified as long as we only try to predict the long-time 
behavior, which is most alfected by the solidification process. 

The critical gel equation is expected to predict material functions in any 
small-strain viscoelastic experiment. The definition of ‘small’ varies from mater- 
ial to material. Venkataraman and Winter [71] explored the strain limit for 
crosslinking polydimethylsiloxanes and found an upper shear strain of about 2, 
beyond which the gel started to rupture. For percolating suspensions and 
physical gels which form a stilf skeleton structure, this strain limit would be 
orders of magnitude smaller. 



4.2 Linear Viscoelastic Modeling of Critical Gels 

With the gel equation, we can conveniently compute the consequences of the 
self-similar spectrum and later compare to experimental observations. The 
material behaves somehow in between a liquid and a solid. It does not qualify as 
solid since it cannot sustain a constant stress in the absence of motion. However, 
it is not acceptable as a liquid either, since it cannot reach a constant stress in 
shear flow at constant rate. We will examine the properties of the gel equation 
by modeling two selected shear flow examples. In shear flow, the Finger strain 
tensor reduces to a simple matrix with a shear component 



iC~f2 


y(d t') 


(4-3) 


and a difference 


on the diagonal 




(C-^)ii 


(C -\2 iy{t;t'))\ 


(4-4) 


where 






y{t; t') 


^[nndt" 


(4-5) 



is the shear strain between times t' and t. These components are inserted into 
Eq. 4-1 for calculating the shear stress and the first normal stress dilference: 
(a) Startup of shear flow at constant rate. An experiment is considered in 
which the material is initially kept at rest, y 0, so that it can equilibrate 
completely. Starting at time t 0, a constant shear rate yo is imposed. The 
resulting shear stress and normal stresses depend on the time of shearing. The 
shear stress response T 2 i(t) of the critical gel is predicted as 

riiit) yosf)! tr"dt' -^yoSfl-''. (4-6) 

.0 1 n 
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The transient viscosity rj T 2 i{t)/yo diverges gradually without ever reaching 
steady shear flow conditions. This clarifles the type of singularity which the 
viscosity exhibits at the LST: The steady shear viscosity is undefined at LST, 
since the infinitely long relaxation time of the critical gel would require an 
infinitely long start-up time. 

The corresponding first normal stress difference Ni{t) ^wit) ^ 22 ( 1 ) as 
predicted from Eq. 4-2 



iVi(t) 




(t 



J — 00 



tf dt' 







(4-7) 



also grows with time without ever reaching a steady value. The ratio of first 
normal stress coefficient and viscosity 



2(1 n)^ 

yl T 21 2 n 



(4-8) 



grows linearly with time. The relaxation exponent n solely determines the slope 
while the front factor cancels out. In experimental studies, the linear growth can 
be used as a convenient reference for finding the limits of linear response in this 
transient shear experiment (Fig. 13). 




Fig. 13. Shear stress and first normal stress difference N ^ during start-up of shear flow at 
constant rate, yo 0.5 s“ for PDMS near the gel point [71]. The broken line with a slope of one is 
predicted by the gel equation for finite strain. The critical strain for network rupture is reached at the 
point at which the shear stress attains its maximum value 
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(b) Oscillatory shear. In a frequently used experiment, the sample is sub- 
jected to oscillatory shear at small amplitude yo- Prescribing a sinusoidal shear 
strain y{t) with an angular frequency, m 27t/ [rad/s], which is defined by the 

number of cycles per time given by the frequency /[Hz], 

y(0 yo sin(cot) (4-9) 

in Eq. 4-2 and determining the resulting shear stress 

L 2 i(f) G'(m) yo sin(tt)t) G"(u))yo cos{u)t) (4-10) 

results in the following functional form of the dynamic moduli [10], the storage 
modulus G' and the loss modulus G", at the gel point 

G'cioi) SE(1 n) cos(w7t/2)tt)" 

tan(w7t/2) 

for 0 m l//lo, P Pc- (4-11) 

Since G' and G" are proportional to each other, the famous Cole-Cole plots [72] 
in which is plotted vs. [or G'(u>) is plotted vs. G"(u))] reduce to straight 
lines at the gel point. 

The ratio of the two moduli is independent of frequency (Fig. 14) 



^ Gc mi 
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Gc 2 



(4-12) 



which means that the ‘flat’ phase angle is a direct measure of the relaxation 
exponent [7]: 
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Related material functions are the complex modulus 
G*(m) Sr{l n)of 

and the storage and loss compliance, J\m) and J"{m) 
G' cos mill 
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(4-15) 

(4-16) 



(c) Creep and recovery behavior. Similar is the modeling procedure for the 
strain in a creep experiment. The most simple creep recovery experiment 
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Fig. 14. Loss tangent of several stopped samples of vulcanizing polybutadiene (M„ 18 000) [31], 

At the gel point, tan <5 is frequency independent (flat curve in the middle). The relaxation exponent 
n can be easily evaluated from the data (tan S 1 yields n 0.5) 



prescribes a pulse function 
f 0 for t 0 

T 21 (To for 0 t ti, (4-17) 

[0 for ti t 



where Tq is the applied shear stress and is the creep time. The strain response 
of any linear viscoelastic material 



y(0 




t') f(t') dt' 



(4-18) 



depends on the materials creep compliance J{t t'). The classical relation 
between the creep compliance and the relaxation modulus [10] 



t 




s) J (s) ds 



(4-19) 






Rheology of Polymers Near Liquid-Solid Transitions 



199 



The shear strain response has an analytical solution 

y(t) ^ sm{nn) ti)"h(l t/ti)) fort 0. (4-21) 

S nn 



h{x) is the Heaviside step function. It can be seen that neither the creep strain nor 
the strain rate will ever reach a steady value in finite times. When removing the 
stress, a complete recovery 0) is predicted for infinite times. This again is 
an example for the intermediate behavior between that of a liquid and a solid 
(Fig. 15). 

(d) Retardation ime Spectrum. The relaxation behavior of critical gels can 
be represented equally well by the retardation time spectrum (X) [73]. Both are 
related by 
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We determine the long time end of the retardation spectrum by approximating 
Eq. 1-5 with 



H(X) 
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Fig. 15. Measured shear strain during creep under a constant shear stress and viscoelastic recovery 
after cessation of shear for PDMS near the gel point [71] plotted against the time. The solid lines are 
predicted by the gel equation for finite strain 
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due to lack of better information in the time range 0 k kg. Inserting Eq. 4-23 
into Gross’s relation, Eq. 4-22, leads to 
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(4-24) 



We assume that the above solution is valid in about the same time range as the 
self-similar relaxation time spectrum, Eq. 1-5. The retardation time spectrum is 
also self-similar. It is characterized by its positive exponent n which takes on the 
same value as in the relaxation time spectrum. 



5 Physical Gelation 



The long range connectivity in the solidifying material may arise from physical 
phenomena instead of from chemical bonds. This process has been termed 
physical gelation. The large scale connectivity is meant in the sense that the 
motion of one molecule requires the motion of another molecule at considerable 
distance. This distance, called correlation length, increases with the advance- 
ment of the physical gelation process. The state at which the correlation length 
diverges defines the physical gel point. It is more difficult to define this gel point 
since in comparison with chemically crosslinking systems two of the most 
distinct criteria are missing: the molecular weight does not diverge and the 
system may be dissolved even after having passed the gel point. 

At the beginning of the gelation process, more bonds are formed than are 
broken or dissolved. As a consequence, connectivity and correlation length grow 
in the material. However, this process cannot continue for long since the cluster 
size has a natural upper limit. This can be visualized by a simple argument. Let 
us consider a molecular cluster of N physical bonds with characteristic lifetime, 
k^. The average lifetime of this cluster is then k^,/N and the survival probability is 
exp( tN/kb). As the cluster grows (increasing N), its survival probability 
decreases. The limit is reached at a maximum average cluster size, at which 
the rate of bond breakage reaches the rate of bond formation. The characteristic 
time constant is then 



^pg 






(5-1) 



where the subscript pg stands for physical gel. The material has a corresponding 
longest relaxation time, k^^^. Early stages of cluster growth are governed by 
relaxation processes with a longest relaxation time which grows with the 
increasing connectivity. If z^ax exceeds Zpg, then the cluster does not survive the 
relaxation process; stress is released by breakage of clusters. This type of 
relaxation process has been studied by Cates [74, 75]. 
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We define a physical gel as a material which shows the gelation transition 
and has a after gelation which is orders of magnitude larger than before 
gelation. The characteristic equations at the gel point, Eqs. 1-1 and 1-5, need to 
be rewritten for a range of applicability Aq a Apg. The critical gel equation, 
Eq. 4-1, also needs to be rewritten to accommodate this upper limit. The most 
simple way to do this is by inserting Eq. 1-5 with modified upper limit ( oo 
changed to Apg) into Eq. 3-3: 



T(t) nS 



[T(w 1, (t 
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{t t') 



/\-(n+ 1) p- 1 



(5-2) 



where T(« 1, {t t')/Apg) is an incomplete gamma function which is defined as 



T(w 1, x) 



e^z" dz 



(5-3) 



Strictly speaking, the physical gel at the gel point is still a liquid when observed 
at experimental times tp which exceeds Apg. We therefore define a new dimen- 
sionless group, the gel number Ng 

A„a lifetime of physical cluster 

Ng — (5-4) 

tp process time 

The gelation transition is observable for Ng 10. Otherwise, the material 
behaves as a liquid {Ng 1). Little is known about materials near Ng 1. For 
the following, we consider only materials with Ng 1 and treat them just like 
chemical gels. The expression T(w 1, {t t')/Apg)/T(w 1) in Eq. 5-2 ap- 
proaches a value of one in this case of iVg 1, and the critical gel equation, 

Eq. 4-1, is recovered. However, much work is needed to understand the role 
of non-permanent physical clusters on network formation and rheological 
properties. 

The closest relation to chemical gelation is found with physical network 
systems in which the network junctions originate from some physical mecha- 
nism such as crystallization, phase separation, ionic bonds, or specific geometric 
complexes. Such systems have been reviewed recently by the Nijenhuis [76] and 
Keller [77]. Physical networks have the potential advantage that the junctions 
open or close when altering the environment (temperature, pressure, pH), i.e. the 
gelation process is reversible. The junctions, however, are less well-defined since 
their size and functionality (number of network strands which form a junction) 
varies throughout a sample. Their finite lifetime makes physical gels fluid-like in 
long-time applications, but it also allows them to heal if they get broken. The 
reversibility of junctions (and therefore connectivity) upon change of the envi- 
ronment in a physical gel is a characteristic feature which distinguishes it, for 
instance, from a highly entangled polymer melt or solution. 

Beyond the notion of physical networks in which flexible strands are connec- 
ted by junctions, we will use the term ‘physical gelation’ in the widest possible 
sense for polymeric systems which undergo liquid-solid transition due to any 
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type of physical mechanism which is able to connect the polymer into large scale 
structures. These are quite manifold: 

(a) Polymers lose their chain flexibility near their glass transition temperature 
and molecular motion correlates over longer and longer distances. 

(b) Liquid crystalline polymers at their transition from nematic to smectic state 
gradually lose their molecular mobility. 

(c) Suspensions in which the filler particles aggregate into sample spanning 
complexes. 

The liquid-solid transition for these systems seems to have the same features 
as for chemical gelation, namely divergence of the longest relaxation time and 
power law spectrum with negative exponent. 

Physical gelation responds strongly to stress or strain. The rate of bond 
formation, and therefore the growth rate of the correlation length, increases for 
some systems (increased rate of crystallization in semi-crystalline polymers; 
stress induced phase separation in block copolymers), but it also might decrease 
if the survival time of physical bonds is reduced by stress. Beyond the gel point, 
i.e. if the material is able to form sample spanning clusters which are character- 
ized by multiple connectivity, physical gels are prone to creep under stress since 
bonds dissociate at a material-characteristic rate. This allows local relaxation of 
stress and reformation of physical bonds at reduced stress. In this case, breakage 
of a bond does not necessarily result in a reduction of the size of a cluster. Also, if 
stress is applied, the average lifetime of a bond. Ay,, decreases because of the 
energy input. This results in a reduction of Zpg, which causes a reduction of the 
associated longest relaxation time, Amax- 



5 . 1 Physical Network Systems 

Physical network systems, especially crystallizing polymers, represent the most 
widely investigated physically crosslinking macromolecular systems [68,69, 
78-81]. These systems comprise polymer melts and solutions in which network 
junctions are formed by small crystalline regions during the liquid-solid 
transition after cooling below the relevant melting temperature. The kinetics of 
this crystallization process depend on the degree of supercooling, A , and 
rheological properties are also influenced by A .A typical temperature profile 
for a crystallization experiment and the resulting evolution of fraction of 
crystalline polymer and dynamic moduli with time are shown schematically in 
Fig. 16. Although most crystallizing polymers exhibit the self-similar relaxation 
behavior at an intermediate state (Fig. 17 shows land at different times after 
cooling below „ for a crystallizing polypropylene [68]), as commonly found in 
chemically crosslinking systems at the gel point, some systems showed no such 
power law relaxation at certain degrees of supercooling. This was attributed to 
non-uniform crystallization, which does not result in self-similar relaxation [69]. 
Also, the presence of melt state phase separation and residual high melting 
crystals can mask this characteristic relaxation pattern [68]. One of the 
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Fig. 16. Schematic of a typical temperature profile in a crystallization experiment and the resulting 
evolution of the fraction of crystalline polymer and dynamic moduli with time. The preheating 
temperature p is above the melting temperature „ 




Fig. 17. Loss tangent of a crystallizing polypropylene at different times after cooling from 
100 °C to 40 °C (below mcu)- Data from Lin et al. [68], 
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investigated systems, a bacterial polyester, followed the time-cure superposition 
principle in the liquid state up to the gel point [69]. This principle, however, 
could not be verihed for samples beyond the gel point. 

In general, low relaxation exponents n (between 0.1 and 0.25) are character- 
istic for crystallizing polymers, although some systems are known which show 
a stronger dependence on frequency {n 0.7 0.8). A recent study on crystalliz- 

ing isotactic polypropylene (iPP) resulted in a surprisingly low degree of crystal- 
linity at the LST [80], which is a challenge to classical crystallization models. 
iPP forms a critical gel which is extremely soft (small S, large n). 

Possible morphologies of partially crystalline polymers are shown in Fig. 18. 
Figure 18a depicts the case of small crystallites that act as physical crosslinks 
between polymeric chains, thus connecting those chains into a 3-dimensional 
network. In the case depicted in Fig. 18b, the material forms ribbon-shaped or 
needle-shaped crystalline regions in which different segments of a large number 
of chains are incorporated. This could explain the low degree of crystallinity at 
the LST as detected for the iPP system [80]. 

Reversible gelation is often encountered in bio-polymeric systems. Typical 
examples are solutions of polypeptide residues derived from animal collagen 
[82-84]. In these systems, ordered collagen-like triple helices form the physical 
crosslinks. 

Microphase separated systems are also known to yield a physical network 
which results in the self-similar relaxation pattern at an intermediate state 





Fig. 18a, b. Possible morphologies of partially crystalline polymers. Small crystallites act as cross- 
links (a); large ribbon-shaped or needle-shaped crystalline regions connect a large number of 
polymeric chains (b) 




Rheology of Polymers Near Liquid-Solid Transitions 



205 



corresponding to the LST. Examples in which such behavior was observed are 
a segmented polyurethane elastomer with liquid crystalline hard segments (in 
which the phase-separated submicron mesophase acts as a provider of crosslinks 
below the isotropization temperature of the mesophase [85]) and several dib- 
lock and triblock copolymers with microphase separation below the ODT 
temperature [86,87]. A styrene-isoprene-styrene triblock copolymer system, 
for example, showed rapid microphase separation after cooling below the 
ODT temperature, while the large scale spatial order, resulting in a physical 
network, needed long annealing times. It was recently suggested that the 
disappearance of a terminal zone behavior, as encountered in block copolymers 
below the ODT temperature, is generally true for any polymer with layered 
structure [87]. 

Recently, it was shown that polydimethylcarbosiloxanes with a small con- 
tent of side carbonyl groups (PDMS-C) exhibit increasing viscosity and forma- 
tion of a physical network at elevated temperatures [88, 89]. This was attributed 
to a rearrangement of intramolecular hydrogen bonds, which formed between 
the carboxyls during the synthesis and isolation of the polymers, forming 
intermolecular hydrogen bonds. 



5.2 Dynamic Glass Transition 

A glass transition is introduced dynamically when probing polymer molecules 
on such short time scales (in a high frequency dynamic experiment, for instance) 
that conformational rearrangements have no time to develop. The spectrum of 
polymers in this dynamic glass transition region is given by a power law with 
negative exponent. This has already been realized by Tobolsky [90], who 
introduced a wedge-box spectrum to describe entangled polymer melts where 
the ‘wedge’ (power law with negative slope) represented the relaxation behavior 
in the glass transition region. At long times this behavior is masked by the onset 
of the entanglement and/or flow regime. The glass transition spectrum looks like 
the CW spectrum for the critical gel except that it is cut off at a characteristic 
relaxation time, Achan he. the longest relaxation time is finite. This suggests that 
a polymer at the glass transition might be considered in the physical gel 
framework. 

The amorphous solid state may be viewed as an extension of the liquid phase 
below a characteristic temperature. For low molecular weight materials, the 
atoms are frozen into their relative position at low temperatures [91]; this is 
called configurational freezing. For high molecular weight materials such as 
polymers, the molecular conformations freeze in and arrest molecular motion 
(conformational freezing); the temperature of conformational freezing is called 
glass transition temperature, g. g is above the temperature of configurational 
freezing. The conformational freezing results in an increase of the correlation 
length for molecular motion. The divergence of the correlation length denotes 
the instant of solidification; thus the relaxation of the material is similar to that 
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of a physical gel. The cut-off time /,char( ) of the relaxation spectrum depends on 
temperature and becomes very long when the temperature is lowered towards 
the glass transition temperature, g, but it remains hnite at g. Dynamic 
mechanical experiments near g are needed for exploring the applicability of the 
gelation framework here. A very comprehensive study of dynamic mechanical 
behavior near g has been given by Zorn et al. [92]. 

The glass transition involves additional phenomena which strongly affect 
the rheology: (1) Short-time and long-time relaxation modes were found to 
shift with different temperature shift factors [93]. (2) The thermally introduced 
glass transition leads to a non-equilibrium state of the polymer [10]. Because of 
these, the gelation framework might be too simple to describe the transition 
behavior. 



5.5 Liquid Crystalline Polymers at their Nematic-Smectic 
Transition 

Viscoelastic response of liquid crystalline polymers (LCP) is very sensitive to 
smectic-nematic and smectic-isotropic phase transitions. Typical side chain 
LCPs with mesogenic groups pendant to ffexible backbones show liquid-like 
relaxation behavior at low frequencies in the nematic state, i.e. the storage 
modulus, G', is proportional to frequency, m, and the loss modulus, G", is 
proportional to oP. At intermediate frequencies, a power law dependence best 
describes the dynamic moduli [94, 95]. Chemically crosslinking polymers 
below the gel point show the same behavior, which is followed by a transition 
to entanglement and/or glass transition regime at higher frequencies. LCPs in 
the smectic phase do not exhibit a low frequency drop-off to liquid-like behav- 
ior, at least not in the experimentally observable frequency regime. G' and G" 
seem to level off at low frequency, suggesting a more solid-type relaxation 
behavior. No real power-law dependence is observed in the smectic mesophase; 
however, at intermediate frequencies indications of self-similar relaxation can be 
observed. 



5.4 Suspensions 

Transition from liquid behavior to solid behavior has been reported with fine 
particle suspensions with increased filler content in both Newtonian and non- 
Newtonian liquids. Industrially important classes are rubber-modified polymer 
melts (small rubber particles embedded in a polymer melt), e.g. ABS (acrylo- 
nitrile-butadiene-styrene) or HIPS (high-impact polystyrene) and fiber- 
reinforced polymers. Another interesting suspension is present in plasticized 
polyvinylchloride (PVC) at low temperatures, when suspended PVC particles 
are formed in the melt [96]. The transition becomes evident in the following 
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experimental observations: 

• The limiting storage modulus (at low frequencies) and relaxation modulus (at 
long times) become finite at high concentration, while they are zero at low 
concentration [97-102], 

• The zero-shear viscosity and the dynamic viscosity (at low frequencies) diverge 
at high concentration, while they are constant at low concentration 
[99, 100, 102-105], 

Liquid-solid transitions in suspensions are especially complicated to study 
since they are accompanied by additional phenomena such as order-disorder 
transition of particulates [98, 106, 107], anisotropy [108], particle-particle inter- 
actions [109], Brownian motion, and sedimentation-particle convection [109], 
Furthermore, the size, size distribution, and shape of the filler particles strongly 
influence the rheological properties [108, 110], More comprehensive reviews on 
the rheology of suspensions and rubber modified polymer melts were presented 
by Metzner [111] and Masuda et al, [112], respectively. 

Oscillatory shear experiments are the preferred method to study the 
rheological behavior due to particle interactions because they directly probe 
these interactions without the influence of the external flow field as encountered 
in steady shear experiments. However, phenomena that arise due to the external 
flow, such as shear thickening, can only be investigated in steady shear experi- 
ments, Additionally, the analysis is complicated by the different response of the 
material to shear and extensional flow. For example, very strong deviations 
from Trouton’s ratio (extensional viscosity is three times the shear viscosity) 
were found for suspensions [113], 

We expect the liquid/solid transition to express itself in the same general 
relaxation patterns as chemical gelation, with a self-similar relaxation time 
spectrum at the gel point, A starting point for this hypothesis is the work of 
Castellani and Lomellini [102,114], who compared the rheology of rubber- 
modified thermoplastics with increasing rubber content to the behavior during 
physical gelation. The relaxation spectra of ABS with different PBD content 
presented by Masuda et al, [112] also suggest this approach, since they seem to 
contain a power law at long times. 



6 Rheometry Near the Gel Point 



Viscoelastic properties on intermediate time scales are most appropriate for 
studying gelation. The stretching of the spectrum in the approach of the gel 
point (from either side), and the self-similarity of the spectrum at the gel point 
can best be observed by forcing the material through the transition while 
simultaneously measuring its continuously evolving linear viscoelastic proper- 
ties, Small strain tests are preferable, since they avoid rupturing the fragile 
network structure. No specific equipment is required beyond what one would 
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use for characterizing viscoelasticity in liquids or solids. Most common are 
rotational rheometers with concentric disk fixtures, cone and plate fixtures, or 
Couette geometry. Samples have to be prepared in the rheometer fixtures since 
they are too fragile and too sticky to be transferred later. 



6. 1 Oscillatory Shear 

Small amplitude oscillatory shear is the method of choice for materials with very 
broad distributions of relaxation modes, such as materials near LST, and for 
materials which undergo change during the measurement. The dynamic moduli 
in Eq. 4-10 are defined by [10] 



G (<u) Ge (U 



[G(t) Ge] sin(tt)t) dt 



G"(m) m 



G(t) cos(mt)dt 



storage modulus, 



loss modulus. 



( 6 - 1 ) 

( 6 - 2 ) 



The above equations are generally valid for any isotropic material, including 
critical gels, as long as the strain amplitude yo is sufficiently small. The material 
is completely characterized by the relaxation function G{t) and, in case of a solid, 
an additional equilibrium modulus Gg. 

The basic advantages of small amplitude oscillatory strain (shear or exten- 
sion) come through its spectroscopic character, the experimental time for taking 
a single data point being roughly equal to the period of the strain wave, 27t/u). 
This allows to measure specific relaxation modes with time constants in the 
order of l/m independently of any longer or shorter modes which might be 
present in the polymer, i.e. only a small fraction of the spectrum is actually 
sampled. This is shown in Fig. 19, where a single power law spectrum with 
negative exponent {n 0.7) was used to calculate the integral kernels of the 
following equations at a> A/Aq. 
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The divergence of the longest relaxation time does not perturb the measurement. 
In comparison, steady state properties (the steady shear viscosity, for instance) 
would probe an integral over all relaxation modes and, hence, fail near the gel 
point. 
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Typical for the spectroscopic character of the measurement is the rapid 
development of a quasi-steady state stress. In the actual experiment, the sample 
is at rest (equilibrated) until, at t 0, oscillatory shear flow is started. The shear 
stress response may be calculated with the general equation of linear viscoelas- 
ticity [10] (introducing Eqs. 4-3 and 4-9 into Eq. 3-2) 

T2i(t) j 0 

The first integral denotes the rest period, oo t' 0, where the strain rate is 
zero. The second integral contains a relaxation function which we chose very 
broad, including relaxation times much larger than the period 27t/u). Integration 
and quantitative analysis clearly showed (without presenting the detailed figures 
here) that the effect of the start-up from rest is already very small after one cycle 



G{t t')o}yo cos(o}f)dt' 



(6-5) 
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and definitely is negligible after two cycles. Eq. 6-5 simplifies to 

T 2 i(t) G(t t')coyocos{cot')dt' (6-6) 

J - 00 

The start-up time does not depend on the longest relaxation time of the material 
even if it is orders of magnitude larger than the period iTijm [115]. This is an 
important prerequisite for an experiment near LST. 

The dynamic mechanical experiment has another advantage which was 
recognized a long time ago [10]: each of the moduli G and G" independently 
contains all the information about the relaxation time distribution. However, 
the information is weighted differently in the two moduli. This helps in detecting 
systematic errors in dynamic mechanical data (by means of the Kramers-Kronig 
relation [54]) and allows an easy conversion from the frequency to the time 
domain [8, 116]. 

Figures 20 and 21 show typical dynamic moduli and loss tangent distribu- 
tions. These were measured by Chambon and Winter [5] on several partially 
crosslinked samples of PDMS. 

Limitations of the experiment at low frequencies come from the long experi- 
mental times, during which the sample structure may change so much that 
the entire experiment becomes meaningless. At high frequencies, limitations 
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Fig. 20. Dynamic moduli, G' (open symbols) and G" (filled symbols), for five partially crosslinked 
PDMS samples at different extents of reactions (same data as Fig. 2). G' curves downward for the 
liquid and curves to the left for the solid. The straight lines belong to the sample which is very close to 
the gel point. £ t^ is given in minutes 





Rheology of Polymers Near Liquid-Solid Transitions 



211 



1 




Fig. 21. Loss tangent, tanc5, for five partially crosslinked PDMS samples at different extents of 
reactions. For the liquid, a negative slope is observed. At the LST, tan S is independent of frequency. 
The loss tangent of the solid material exhibits a positive slope 



arise from inertial effects. The effect of changes in the sample will be discussed 
next. 



6.2 Sample Mutation 

One really would like to know G' and G" data over an as wide as possible 
frequency window of the sample at intermediate states during the transition. 
This has been achieved best for chemical gelation by stopping the reaction at 
intermediate extents p with a catalyst poison [5] and then probing the stable 
samples (see Figs. 20 and 21). However, this stopping of the crosslinking is only 
possible for exceptional materials. More common is the situation where the 
transition process cannot be brought to a halt. The solidifying material has to be 
probed without stopping the reaction. Each data point in a sequence of 
measurements, having a sampling time At, belongs to a different state of the 
material. This is displayed schematically in Fig. 22. Since the properties at these 
intermediate frequencies evolve continuously, interpolation may be used to 
determine the properties at any time in between the measurements. The data are 
interpolated to obtain the material properties at discrete material states. By this 
procedure [58, 117, 118], a range of properties is available at discrete states of 
the evolving material structure. 
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Fig. 22. Schematic evolution of dynamic moduli during crosslinking. The time period At corre- 
sponds to the time necessary for a rheological measurement in case of a reacting sample. If the 
reaction is stopped, At corresponds to the time in which the poison diffuses into the sample. 
The reaction is still carried on until the entire sample is poisoned. Then, the moduli remain 
constant 



The effect of mutation is different in case of stopped samples, but the 
phenomenon cannot be completely avoided. Here, the experimental time period 
At is determined by the poison diffusion. The catalyst poison solution is sprayed 
on top of a reacting sample and then diffuses into the core of the sample where it 
stops the reaction sequentially layer by layer. This leads to small inhomogeneity 
in the sample, since the reaction near the upper surface is stopped earlier than 
the reaction near the bottom of the mold. 

Sample changes during the measurement might cause severe problems. The 
shear stress response of a crosslinking system exemplifies this nicely: 



t', p(t")]myocos(tt)t')dt' 



The stress depends on the extent of reaction, p(t'), which progresses with time. 
However, it is not enough to enter the instantaneous value of p{t'). Needed is 
some integral over the crosslinking history. The solution of the mutation 
problem would require a constitutive model for the fading memory functional 
which is not yet available. This restricts the applicability of 
dynamic mechanical experiments to slowly crosslinking systems. 
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The mutation number [117, 119] 

iV^u At-^ (6-8) 

got 

gives an estimate of the relative changes of a measured variable g (standing here 
for G' or G") during the sampling time At. The spectroscopic character of 
dynamic mechanical experiments somehow alleviates the mutation problem. 
Mutation effects are considered negligible if the moduli G' and G" change by 
10% or less (iV^u 0.1) during the experimental time, Inlm. Equivalent criteria 
apply to all the various material functions. The decisive dimensionless group 
(mutation number) has to stay below an acceptable tolerance level, 0.1. 

We mostly chose to probe each frequency individually to minimize the strain 
on the material and to expand the available frequency window. The experi- 
mental time can be reduced by simultaneously applying the sinusoidal strains of 
the lowest frequencies [120] and then quickly adding the higher frequency part 
of the spectral probing. 

Time-resolved measurements on the changing sample have the advantages 
that the critical gel properties can be obtained from a single experiment and that 
a value for the rate of evolution of properties comes with the data. 



6.3 Time-Temperature Superposition 



Time-temperature superposition [10] increases the accessible frequency window 
of the linear viscoelastic experiments. It applies to stable material states where 
the extent of reaction is fixed (‘stopped samples’). Winter and Chambon [6] and 
Izuka et al. [121] showed that the relaxation exponent n is independent of 
temperature and that the front factor (gel stiffness) shifts with temperature 

a-r" 

S( ) S( o)-^. (6-9) 

This behavior is in between that of a liquid and a solid. As an example, PDMS 
properties obey an Arrhenius-type temperature dependence because PDMS is 
far above its glass transition temperature (about 125°C). The temperature 
shift factors are 



aj exp 
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( 6 - 10 ) 



From the PDMS shift factors determined by Winter and Chambon, one may 
estimate that room temperature fluctuations affect the gel strength by no more 
than 5%. 

Time-temperature superposition at the gel point does not let us distinguish 
between the vertical and the horizontal shift, since the spectra are given by 
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Straight lines in a log/log plot. We can only determine the total product 
[121] without being able to break it down into separate values Uj and bj. For 
polymers at temperatures far above the glass transition temperature g, how- 
ever, the crosslinking does not seem to affect the shift factors in any major way 
and aj and bj values may approximately be taken from the temperature 
dependence of the precursor viscosity and the modulus of the fully crosslinked 
system, respectively. This has been found for crosslinking polycaprolactones far 
above the glass transition temperature [121]. More experiments are needed to 
confirm this very simple relation. It is expected to loose its validity for samples 
for which crosslinking strongly increases g. 



6.4 Time-Cure Superposition 

Measurement of the equilibrium properties near the LST is difficult because long 
relaxation times make it impossible to reach equilibrium flow conditions without 
disruption of the network structure. The fact that some of those properties diverge 
(e.g. zero-shear viscosity or equilibrium compliance) or equal zero (equilibrium 
modulus) complicates their determination even more. More promising are time- 
cure superposition techniques [15] which determine the exponents from the 
entire relaxation spectrum and not only from the diverging longest mode. 

Adolf and Martin [15] postulated, since the near critical gels are self-similar, 
that a change in the extent of cure results in a mere change in scale, but the 
functional form of the relaxation modulus remains the same. They accounted for 
this change in scale by redefinition of time and by a suitable redefinition of the 
equilibrium modulus. The data were rescaled as G'/Ge(p) and G"/G^(p) over 
tt)Amax(fl)- The result is a set of master curves, one for the sol (Fig. 23a) and one for 
the gel (Fig. 23b). 

Time-cure superposition is valid for materials which do not change their 
relaxation exponent during the transition. This might be satisfied for chemical 
gelation of small and intermediate size molecules. However, it does not apply to 
macromolecular systems as Mours and Winter [70] showed on vulcanizing 
polybutadienes. 



6.5 Growth Rate of Moduli 

The rate of change through the transition has not been studied widely. However, 
the growth of G' and G" due to the increasing network connectivity seems to 
follow a regular pattern. For all our experiments of that type which were 
restricted by the accessible frequency range of the rheometer, the growth rate of 
G' at the gel point was typically twice as high as that of G": 

[cfpl 



for finite co. 



( 6 - 11 ) 
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Fig. 24. Schematic of the evolution of the dynamic storage modulus, G', with extent of reaction, p, at 
four different frequencies 



The growth rate decreases with frequency. Figure 24 shows this schematically 
for the storage modulus. The frequency dependence is the same for both G' and 
G", and it also follows a power law (Fig. 25). 




1 
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Precise knowledge of the critical point is not required to determine k by this 
method because the scaling relation holds over a finite range of p at intermediate 
frequency. The exponent k has been evaluated for each of the experiments of 
Scanlan and Winter [122]. Within the limits of experimental error, the experi- 
ments indicate that k takes on a universal value. The average value from 30 
experiments on the PDMS system with various stoichiometry, chain length, and 
concentration is k 0.214 + 0.017. Exponent k has a value of about 0.2 for all 
the systems which we have studied so far. Colby et al. [38] reported a value of 
0.24 for their polyester system. It seems to be insensitive to molecular detail. We 
expect the dynamic critical exponent k to be related to the other critical 
exponents. The frequency range of the above observations has to be explored 
further. 



6.6 Inhomogeneities 

The crosslinking process should not be considered to be completely homogene- 
ous. Several phenomena might cause inhomogeneities. On a molecular scale, we 
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Fig. 25. Frequency dependence of moduli growth rate at the LST of crosslinking PDMS. Data from 
Scanlan and Winter [58] 



can expect that fluctuations in crosslink density grow by excluding mobile sol 
molecules from regions of high crosslink density. This has been observed for 
highly crosslinked polymers and might occur at early stages of crosslinking. 

Wall effects might also lead to inhomogeneities on the molecular level. Two 
possibilities can be envisioned: exclusion of large molecular clusters from the 
layer adjacent to a solid boundary, or adhesion of the largest clusters to the wall 
(while smaller molecules come and go near the wall). 

These small-scale inhomogeneities would not be visible in rheological ex- 
periments since they average out in a macroscopic approach. However, there are 
inhomogeneities which do affect the macroscopic experiment. Most easily en- 
countered is a temperature gradient which leads to gradients in the rate of 
reaction. The hotter region of the sample reaches the gel point first and the entire 
transition phenomenon gets smeared out. A clear gel point cannot be detected 
macroscopically. We have encountered this phenomenon quite often and use the 
purity of the self-similar behavior as an important criterion for a well-defined 
experiment. 

Another typical example of inhomogeneity in rheometry is the oxidation of 
a polymer in a rotational rheometer in which a disk-shaped sample is held 
between metal fixtures. The oxygen enters the sample through the free surface (at 
the outer diameter) and diffuses radially inwards. The result is a radial gradient 
in properties which changes with time. If the reaction with oxygen results in 
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a solidification, then the outer edge of the sample solidifies much before the 
inner regions, thus leading to an experiment-inherent inhomogeneity of the 
sample. 



7 Detection of the Liquid-Solid Transition 



The gel point is reached when the largest molecular or supermolecular cluster 
diverges to infinity [123]. This cannot be measured directly, but the conse- 
quences are so dramatic that they can be seen in a wide range of phenomena. 
Detection methods involve static light scattering on diverging clusters and 
dynamic light scattering with diverging correlation time [124-128], dissolving 
in a good solvent and extraction of a sol fraction [129], permeability [130], 
nuclear magnetic resonance spectroscopy [131], differential scanning 
calorimetry [132-134], and infrared [29, 135] and Raman spectroscopy 
[136, 137]. Very sensitive indicators are rheological properties. Viscosity, first 
normal stress difference coefficient, equilibrium compliance, and longest relax- 
ation time diverge at the gel point and the distribution of relaxation modes 
adopts a power law. These rheological features have been used extensively for 
detecting the gel point, and the following discussion will focus on rheological 
methods. 

During our early experiments on chemical gels, when first observing the 
intermediate state with the self-similar spectrum, Eq. 1-5, we simply called it 
‘viscoelastic transition’. Then, numerous solvent extraction and swelling experi- 
ments on crosslinking samples showed that the ‘viscoelastic transition’ marks 
the transition from a completely soluble state to an insoluble state. The sol-gel 
transition and the ‘viscoelastic transition’ were found to be indistinguishable 
within the detection limit of our experiments. The most simple explanation for 
this observation was that both phenomena coincide, and that Eqs. 1-1 and 1-5 
are indeed expressions of the EST. Modeling calculations of Winter and Cham- 
bon [6] also showed that Eq. 1-1 predicts an infinite viscosity (see Sect. 4) and 
a zero equilibrium modulus. This is consistent with what one would expect for 
a material at the gel point. 

Physical solidification processes have no criterion for the gel point which 
would be as decisive as the molecular weight divergence of the sol-gel transition. 
EST measurements involve elaborate observations of flow to non-flow 
transition, and they rely on subjective judgement. The broadening of the 
spectrum into a power law distribution seems to coincide with such cessation of 
flow observations. We have therefore suggested that it should be valid to 
generalize from the behavior of chemical gels and identify LSTs of physical gels 
also by the CW spectrum [67]. In this way we can clearly identify both the 
approach to gelation and the transition of materials which otherwise would lack 
a clear definition. 
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7 . 1 Diverging Rheological Properties 

The diverging rheological properties are an unambiguous sign of the approach- 
ing gel point even if the measurement breaks down in its immediate vicinity (see 
Fig. 5). Macosko [138] gave a well-balanced overview of the methods up to 
1985. The most common rheological tests for detecting LST measure the 
divergence of the steady shear viscosity [139-147] or the appearance of an 
equilibrium modulus [143, 146-148]. The equilibrium modulus evades accurate 
measurement near LST since its value is zero at LST and remains below the 
detection limit for a considerable time. It appears in a stress relaxation experi- 
ment as the long time limit of the relaxation function or in oscillatory strain as 
the low frequency asymptote of G. 

Measurement of the diverging steady shear viscosity is an appealing experi- 
ment because of its simplicity. Even the torque on a processing machine might 
serve as an estimate of the diverging viscosity. It has, however, severe disadvan- 
tages that need to be considered [149]: 

1. Near LST, the relaxation times become very long, and steady shear flow 
cannot be reached in the relatively short transient experiment. Large strains 
are the consequence for most reported data. 

2. At large strain, the liquid shows shear thinning in some poorly understood 
fashion. Shearing causes breakage of the fragile network structure near LST, 
which has been observed as an apparent delay in gelation. 

3. LST is found by extrapolation. The actual experiment may also end prema- 
turely some time before LST if the developing structure in the material is very 
stiff and the rising stress overloads the rheometer. 

The diverging viscosity, therefore, does not show the real gel point. The 
transition may appear early because of torque overload or it may be delayed by 
chain scission due to large strain. This apparent gel point, however, is still 
important since it relates to processing applications in which either the machine 
would clog or the newly formed network structure would break (or both). 



7.2 Monotonously Changing Properties 

The relaxation modulus evolves gradually during gelation. A set of data along 
the lines of Fig. 2 gives a good estimate of where the gel point occurs. The 
problem with it is that one cannot decide very well when exactly G{t) has 
straightened out into a power law. 

Dynamic mechanical properties also evolve gradually during the LST of 
polymeric systems. The gel point is reached when tan S becomes independent of 
frequency [58, 63, 65, 120, 149, 150] (see Eq. 4-12). Lines of tan S(t) at several 
frequencies u)i, CO 2 , u> 3 , u> 4 , a>s, etc. decay gradually and intersect at the gel point 
(see Fig. 26). The method is very effective. The instant of gelation can be 
measured as precisely as the accuracy of the rheometer permits - a significant 
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advantage over extrapolation methods. An additional advantage is that the 
strain is kept small and shear modification of the molecular structure is avoided. 
The experiment not only tags the instant of gelation but also provides the value 
of the relaxation exponent n (see Eq. 4-12). 

Even before reaching the gel point, the converging lines can be extrapolated 
towards the expected gel point. The LST can be anticipated. This is convenient 
for preparing materials somewhere before the gel point but very close to it. The 
cross-linking can be stopped at a defined distance before LST, {p^ p). 

There are also some far-fetched proposals for the LST: a maximum in tan S 
[151] or a maximum in G" [152] at LST. However, these expectations are not 
consistent with the observed behavior. The G" maximum seems to occur much 
beyond the gel point. It also has been proposed that the gel point may be 
reached when the storage modulus equals the loss modulus, G' G" [153, 154], 
but this is contradicted by the observation that the G' G" crossover depends 
on the specific choice of frequency [154]. Obviously, the gel point cannot 
depend on the probing frequency. Chambon and Winter [5, 6], however, 
showed that there is one exception: for the special group of materials with 
a relaxation exponent value n 0.5, the loss tangent becomes unity, tan 1, 
and the G' G" crossover coincides with the gel point. This shows that the 
crossover G' G" does not in general coincide with the LST. 



7.3 Uniqueness of tan 8 Method 

A self-similar relaxation spectrum with a negative exponent (-«) has the property 
that tan 6 is independent of frequency. This is convenient for detecting the 
instant of gelation. However, it is not evident that the claim can be reversed. 
There might be other functions which result in a constant tand. This will be 
analyzed in the following. 

A constant loss tangent, tan 8 f (m), requires dynamic moduli 

G' h(m), G" Ah{(o) tan 8 G’/G' A const. (7-1) 



where h{co) may be an arbitrary function. The question is whether h(oj) has to be 
a power law h(m) of or whether other functions are permitted. If other 
functions are permitted, then tand f{m) (for 1 /Iq ro oo ) is not a unique 
criterion for the LST. For the following derivation, the short time behavior can 
be neglected since it has no effect on the ensuing argument. For simplicity we 
assume that the above condition applies over the entire frequency range, 
0 m 00 . The Kramers-Kronig relation 
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can be evaluated for the above function 

, ^ ^ 2 f“ Ah{x) dx 
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Substitution of y x/co gives 
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Any function of yco with the factorization property 
h(yco) k(y)h(co), 



(7-3) 
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where k(y) may be an arbitrary function, is solution since it reduces the integral 
to some constant which defines A: 



2A f” k(y) dy 
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(7-6) 



A power law h{a>) co" satisfies this condition, Eq. 7-5, but any number of other 
functions with that property might be invented. The tanb criterion, therefore, 
might be not unique. However, no other material has yet been found which also 
obeys tanb constant in the terminal frequency region, and we suggest the 
continued use of the tan S method for detecting LST until a counter example can 
be found. 



7.4 Determination of S and n 



Dynamic mechanical data near the gel point allow easy determination of the 
parameters of the critical gel, Eq. 1-1. Tanb, as shown in Fig. 26, gives the 
relaxation exponent n 




G" jC (G"/G')c is the value where the curves intersect in a single point. The 
same data can be rearranged into 



tt) cos(«7t/2)r(l n) 

S has to be evaluated at the gel point (with G' Gc(m) at low frequencies). This 
completely characterizes the critical gel. The critical gel behavior is valid above 
a material characteristic time constant Zq. The relation between S and n given by 
Eq. 3-4 holds only at the LST. 

The above two equations are generally valid for viscoelastic liquids and 
solids. In this case, n and S would depend on frequency. In this sense, the above 
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t [S] 

Fig. 26. Tan c5 of a crosslinking PBD (M„ 18 000) as a function of reaction time [31], Parameter is 

the frequency to. The polymer is vulcanized at the pendant vinyl units with a bifunctional silane 
crosslinker using a platinum compound as catalyst. The curves intersect at the gel point resulting in 
tan 5 f (to) 



definitions are also valid in the vicinity of the gel point. However, n and S are 
only independent of frequency at the gel point where self-similar relaxation 
governs the rheological behavior. 



8 Other Observations of Power Law Relaxation 



Power law relaxation is no guarantee for a gel point. It should be noted that, 
besides materials near LST, there exist materials which show the very simple 
power law relaxation behavior over quite extended time windows. Such behav- 
ior has been termed ‘self-similar’ or ‘scale invariant’ since it is the same at any 
time scale of observation (within the given time window). Self-similar relaxation 
has been associated with self-similar structures on the molecular and super- 
molecular level and, for suspensions and emulsions, on particulate level. Such 
self-similar relaxation is only found over a finite range of relaxation times, 
i.e. between a lower and an upper cut-off, and /!„. The exponent may 
adopt negative or positive values, however, with different consequences and 
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limitations. A LST would require additional characteristics such as no upper 
time limit for the self-similar region, stretching out of the spectrum at the 
approach of the gel point and shrinking beyond the gel point, and different 
curvature of the storage modulus before and after the gel point. These character- 
istics have not been found in the following examples. 



8. 1 Self-Similar Relaxation with Negative Exponent Value 



For negative exponent values, the symbol n with n 0 will be used. The 
self-similar spectrum has the form 



H(a) 




for 



2. 



( 8 - 1 ) 



The dimensionless relaxation exponent n is allowed to take the values between 
0 and 1. The front factor Hq, with the dimension Pa and the characteristic time 
Aq, depends on the specific choice of material. Various values have been assigned 
in the literature. The spectrum has only two independent parameters, since 
several constants are lumped into {HoAq"). For certain materials (the special 
case of LST), the upper limit of the power law spectrum may diverge to infinity, 
Au 00 , without becoming inconsistent [18]. 

If the self-similar spectrum extends over a sufficiently wide time window, 
approximate solutions for the relaxation modulus G(t) and the dynamic moduli 
G'(m), G"(m) might be explored by neglecting the end effects 
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These solutions of the idealized problem are a good approximation for the 
behavior within a time window Ai t A„ or the corresponding frequency 
window 1/Au m 1/Ai. Truncation effects can be seen near the edges Ai and 
A„. Ao is some material-specific reference time, which has to be specified in each 
choice of material, and HoFin) Go is the corresponding modulus value. 

The self-similar behavior is most obvious when it occurs in this form, i.e. if 
the exponent is negative and the self-similar region is extensive. G(t), G'(oj), 
G" (m), and H (A) all have power law format and they have been used interchange- 
ably in the literature. Less obvious is the self-similar behavior for positive 
exponent values. 
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8.2 Self-Similar Relaxation with Positive Exponent Value 



For positive exponent values, the symbol m with m 0 is used. The spectrum 
has the same format as in Eq. 8-1, H{X) /fo(/,/Ao)™ however, the positive 
exponent results in a completely different behavior. One important difference is 
that the upper limit of the spectrum, has to be finite in order to avoid 
divergence of the linear viscoelastic material functions. This prevents the use of 
approximate solutions of the above type, Eqs. 8-2 to 8-4. 

Spectra with a positive exponent may be explored for the ideal case of power 
law relaxation over all times up to the longest relaxation time, 

H(a) Hoi—] forO A (8-5) 



Imax is always hnite and is chosen here as the characteristic time of the spectrum. 
Even for this ideal spectrum, the relaxation modulus has to be evaluated 
numerically. It does not have any simple form which could be recognized as 
self-similar behavior. However, material functions can be evaluated for steady 
shear flow 
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8.3 Observations of Self-Similar Relaxation Spectra 

A wide variety of polymeric materials exhibit self-similar relaxation behavior 
with positive or negative relaxation exponents. Positive exponents are only 
found with highly entangled chains if the chains are linear, flexible, and of 
uniform length [61]; the power law spectrum here describes the relaxation 
behavior in the entanglement and flow region. 

Power law relaxation behavior is also expected (or has already been found) 
for other critical systems. Even molten polymers with linear chains of high 
molecular weight relax in a self-similar pattern if all chains are of uniform length 
[61]. 

Self-similar spectra with negative exponents are found in several different 
systems such as microgels [155], polymer blends and block copolymers [156] at 
their critical point, or coagulating systems at the threshold. Some broadly 
distributed polymers exhibit power law relaxation over an intermediate fre- 
quency range [157]. This behavior, however, is not related to gelation, which 
would require the power law to extend into the terminal zone, m 0. The 
relaxation spectrum of a polymer is broadened as long range connectivity 
develops (divergence of longest relaxation time), resulting in a power law 
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behavior with negative exponent. Indications can also be seen in branched 
polymers [158] and in solutions containing polymeric fractals (e.g. flexible 
chain macromolecules of arbitrary self-similar connectivity [159] or natural 
objects with non-integer dimension such as aggregates or percolation clusters 
[160]). 

Various types of power law relaxation have been observed experimentally or 
predicted from models of molecular motion. Each of them is defined in its 
specific time window and for specific molecular structure and composition. 
Examples are dynamically induced glass transition [90, 161], phase separated 
block copolymers [162, 163], polymer melts with highly entangled linear mol- 
ecules of uniform length [61, 62], and many others. A comprehensive review on 
power law relaxation has been recently given by Winter [164]. 



9 Applications 



Processing of polymeric materials almost always involves a liquid-solid 
transition, and applications are often limited by solid-liquid transitions. Prop- 
erty changes are most dramatic near the transition. It is important to know 
where the transition occurs, how extensive the property changes are, and how 
fast they occur. Avoiding these transitions might often be the simplest solution, 
but that is not always an option. Some materials have to be produced, pro- 
cessed, or used near the gel point or up to the gel point. That is where 
rheological experiments permit the exact determination of the instant of gelation 
and the ‘distance’ from the gel point. We now can produce materials at control- 
led distances from the gel point and also process materials near the gel point. 
The critical gel properties serve as reference for expressing property changes in 
the vicinity of the gel point. 



9.1 Avoiding the Gel Point 

Mixing and shaping operations in polymer processing require sufficient molecu- 
lar mobility which vanishes when the motion slows down near the gel point. 
Some materials only have small processing windows near the gel point (because 
of their limited chemical stability above their melting point, for instance, or 
because of their rapid crosslinking). Processing will become reasonably easy if 
such a narrow processing window can be targeted. This requires sufficiently 
accurate measurement of the material status relative to the location of the gel 
point. Instead of processing in the material characteristic window, one may 
consider shifting of the processing window by alteration of the material. This 
again requires detailed knowledge of the transition behavior and accurate 
methods for detecting the transition. 
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9.2 Materials Near the Gel Point 

Controlled sample preparation is difficult near the gel point where the rate of 
property change is largest. Physical gelation usually proceeds too rapidly so that 
the material near the gel point eludes the experiment or the application. 
However, chemical gelation is most suitable for controlling the evolving net- 
work structure. Several approaches have been explored in industrial applica- 
tions and in research laboratories: 

1. Polymerization chemistry was developed which allows the stopping of the 
crosslinking reaction in the vicinity of the gel point [5,29]. 

2. Thermal quenching of the crosslinking reaction: In an actual reactive extru- 
sion process, the degree of crosslinking can be controlled by adjusting the 
residence time at elevated temperature. 

3. Off-balancing of stoichiometry by the right amount (depending on 
crosslinking system) allows preparation of materials near the gel point 
[ 66 ]. 

4. Crosslinking by controlled amounts of radiation. Examples are y-irradiated 
polyethylenes [165] and UV-irradiated polyurethane [166]. Best contestants 
are endothermic reactions which require energy for the formation of each 
chemical bond and which cease crosslinking when the energy supply is turned 
off. The extent of reaction directly depends on the amount of absorbed 
energy. Radiation can be used to enter energy into transparent materials. The 
radiation intensity decreases along the path of the radiation in the materials. 
This potentially leads to samples with a large gradient in extent of reaction, 
the exposed side of the sample being further crosslinked than the backside. 
Not suitable for preparing polymers near the gel point are chemical reactions 
in which radiation only initiates the crosslinking reaction so that it continues 
even after the radiation has been turned off. 



9.2 Damping Materials 

Critical gels have a damping plateau instead of the commonly observed damp- 
ing peak. The loss tangent, Eq. 4-12, is uniformly high over a wide frequency 
range, 0 m I/Zq- At higher frequencies, m I/zq, the usual glassy behavior 
sets in, or, if the critical gels are made from precursors of high molecular weight, 
the entanglement behavior dominates before glassy modes take over. The 
damping behavior is independent of temperature [n / { )], which seems to be 
unique among polymeric materials. 

The damping material does not have to be a critical gel. Many applications 
do not require extra low damping frequencies. The lowest vibration damping 
frequency (Omin determines the longest relaxation time, A suitable damping 
material would be crosslinked beyond the gel point, with a /l^ax of about 

1/^min- 
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9.4 Pressure-Sensitive Adhesives 

Polymers at the gel point are extremely powerful adhesives. They combine the 
surface-wetting property of liquids with the cohensive strength of solids. The 
mechanical strength of an adhesive bond in composite materials (with crosslink- 
ing matrix) develops during the sol-gel transition, and the strength of pressure- 
sensitive adhesives can be tailored through their degree of crosslinking. While the 
mechanical strength against adhesive failure is maximum at the gel point, the 
mechanical strength against cohesive failure is still relatively low since the 
polymer at the gel point is only slightly crosslinked. As the crosslink density is 
increased beyond the gel point, the strength of the network increases (stronger 
cohesion) while the adhesive strength decreases. The distance of a polymer from 
the gel point therefore is expected to define the ratio of adhesive to cohesive 
strength. This general behavior was confirmed by Zosel [167] in his study of 
tack and peel behavior of radiation-crosslinked PDMS. He found the maximum 
tack (corresponding to adhesive strength) slightly after the gel point. 

The knowledge of gelation leads to an unconventional but systematic 
approach to the development of pressure-sensitive adhesives. Based on the fact 
that gelation is a critical phenomenon, we hypothesize that there exists a univer- 
sal ‘law’ which relates the adhesive to the cohesive properties at the gel point and 
in its vicinity. More research is needed for verifying this hypothesis and explor- 
ing its limits. For that purpose, polymer gels with well-defined chemical com- 
position should be prepared at known distance from the gel point and their 
adhesive and rheological properties measured. The main parameters are: solid 
surface properties (chemical composition, homogeneity, regularity, roughness, 
curvature), chemical composition, wetting (phase diagram), and layer thickness. 

The molecular weight is one of the most important parameters of polymer 
adhesion. Molecules of low molecular weight are able to wet a surface without 
adhering there for a longer period of time. There exists a chemistry-specific 
molecular weight beyond which molecules adhere to a surface. The transition 
from non-adhering to adhering may be described as a critical phenomenon. This 
same phenomenon has important implications for gelation near a surface: The 
molecular weight increases during gelation, and, at a certain extent of crosslink- 
ing, the largest cluster exceeds the critical molecular weight and adheres to the 
surface. This may have interesting consequences which should be explored 
further. The largest clusters may separate from the bulk, and the gel point will 
then be postponed in a very thin film while a solid layer is formed near the 
surface. Beyond the gel point, large molecules will not be able to move to the 
surface and the system will gradually feel ‘dry’, i.e. will not be able to stick to 
a surface. 

Molecular orientation at the surface may also be important. A molecule 
orients planarly when deposited on a solid surface. Molecular strands prefer to 
be parallel to the surface; their probability of being oriented normal to the 
surface is very low. Several mechanisms can cause this orientation: (1) Surface- 
active sites may favor entire chain segments to interact with the surface. (2) The 
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orientation is generated during the drying of the solution at the surface. A vol- 
ume element of solution at the surface may initially contain isotropic polymer 
chains. Extraction of the solvent results in a shrinkage of the volume element 
into a thin film at the surface. Motion of the chain segments during this 
‘deformation’ results in planar orientation. 



9.5 Processing Near the Physical Gel Point 

Many polymers solidify into a semi-crystalline morphology. Their crystalliza- 
tion process, driven by thermodynamic forces, is hindered due to entanglements 
of the macromolecules, and the crystallization kinetics is restricted by the 
polymer’s molecular diffusion. Therefore, crystalline lamellae and amorphous 
regions coexist in semi-crystalline polymers. The formation of crystals during 
the crystallization process results in a decrease of molecular mobility, since the 
crystalline regions act as crosslinks which connect the molecules into a sample 
spanning network. 

Injection molding of semi-crystalline polymers is an example of a process 
which is dominated by crystallization. Particularly the rate of crystallization is 
important. During injection of the molten polymer into the mold, a layer of 
polymer gets deposited at the cold walls of the mold where it starts solidifying 
while exposed to high shear stress due to ongoing injection (Fig. 27). This is an 
important part of the process, since the wall region later forms the surface of the 
manufactured product. A high shear stress during this crystallization might 
rupture the already solidified surface layers, resulting in surface defects (Y.G. 
Lin, personal communication). This could be avoided if the crystallization 
behavior were known together with its effect on the developing strength of the 
material. The polymer could to be modified to adjust its crystallization behavior 




Fig. 27. Schematic of molten polymer flow during injection molding into a cold mold 
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or a diiferent polymer could be used or developed. A suitable tool to monitor the 
time dependence of crystallization processes and thus to select the best material 
and processing conditions is rheology. The characteristic crystallization time for 
each material can be tailored to the given molding circumstances. 



9. 6 Processing Near the Chemical Gel Point 

Novel materials can be produced by crosslinking a polymer while shearing it at 
the same time. This process is known as dynamic vulcanization and is already 
used in the manufacture of certain rubbers and elastomers. At low degrees of 
crosslinking, the molecular structure is still very soft, so that the rate of 
molecular breaking can be of the same order as the rate of forming new chemical 
bonds. The result is a highly branched molecular structure with molecules of 
broadly distributed size. The materials have advantageous properties for ap- 
plications as adhesives, damping materials with extremely broad damping 
maxima, toner for copy machines, superabsorbers, and sealants. The process 
gives access to materials with a wide range of properties through well-defined 
processing but to uniform chemical composition (mono-material, easy to recycle). 



10 Conclusions 



Polymers during their liquid-solid transitions develop a universal rheological 
behavior which is distinct from that of liquids or solids. It seems that this is 
a new, general phenomenon of nature. The phenomenological picture of this 
relaxation pattern is fairly complete. This allows the direct measurement of the 
liquid-solid transition during the manufacturing of gels and suggests a frame- 
work for presenting experimental data on gels. However, much too little is 
known yet about the molecular origin of the observed phenomena. Such 
molecular understanding would be desirable from a fundamental point of view, 
and it would be good to have when designing gels for specific applications. 

We have further evidence that, in the absence of competing phase transitions, 
the material at the liquid-solid transition exhibits self-similar rheological behav- 
ior. The self-similarity expresses itself in power law relaxation and retardation 
spectra in the terminal zone. This very distinct relaxation pattern was first 
detected for chemically gelling systems. For these systems, a three-dimensional 
network structure is built by permanently connecting molecules through 
covalent bonds, and the longest relaxation time diverges at the gel point. 
However, the power law relaxation behavior seems to also govern physical 
gelation as long as the gel number is large, 1, i.e. the lifetime of the 
junctions (which are reversible in contrast to chemical gelation) is long com- 
pared to the experimental observation time. This can be clearly seen at early 
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stages of crystallization where a molecular network is formed with crystalline 
junctions. Furthermore, other physical mechanisms which lead to increasing 
correlation length seem to result in the same general relaxation patterns near the 
liquid/solid transition point. 

The dynamic properties depend strongly on the material composition and 
structure. This is not included in current theories, which seem much too ideal in 
view of the complexity of the experimentally found relaxation patterns. Experi- 
mental studies involving concurrent determination of the static exponents, 
d{ and t, and the dynamic exponent, n, are required to find limiting situations to 
which one of the theories might apply. 

The criticality of the liquid-solid transition does not necessarily imply 
universality for all investigated properties. Prefactors of different properties 
always depend on the details of the underlying structure, e.g. the critical gel 
stilfness is seen to vary by five orders of magnitude. Scaling of different static 
properties around a critical point is only universal if the structure growth 
process belongs to the same class (universality class). Dynamic scaling proper- 
ties such as the power law relaxation exponent are much more complex and not 
expected to be universal. Values of n as reported in this study, 0.19 n 0.92, 
have been established over almost the entire possible range (0 n 1). 
Stoichiometry, molecular weight, and concentration were all shown to have an 
impact on the critical gel properties. These critical gel properties are also 
coupled for the polymers studied here. 

From a practical point of view, it is advantageous that critical gel properties 
depend on molecular parameters. It allows us to prepare materials near the gel 
point with a wide range of properties for applications such as adhesives, 
absorbents, vibration dampers, sealants, membranes, and others. By proper 
molecular design, it will be possible to tailor network structures, relaxation 
character, and the stiffness of gels to one’s requirements. 
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